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COMPOSITIONS AND METHODS FOR TREATING HEMATOLOGIC 
MALIGNANCIES AND MULTIPLE DRUG RESISTANCE 

RELATED APPLICATIONS 

This application claims priority under 35 U.S.C. § 1 19 to U.S. provisional application 
serial number 60/243,542, filed October 26, 2000. 

GOVERNMENT RIGHTS 

This invention was funded in part under National Institute of Health Grant No. 
DK501 89. The government may retain certain rights in the invention. 

FIELD OF THE INVENTION 

The inventions relate to compositions and methods for treating certain cancers and/or 
reducing multidrug resistance that may be associated with such cancers. More particularly, 
the invention relates to methods for modulating the expression of HIF-1 and/or MDR. 

BACKGROUND OF THE INVENTION 

The development of simultaneous resistance to multiple structurally unrelated drugs is 
a major impediment to cancer chemotherapy. (Roepe, Curr. Pharm. Des. 6:241, 2000). 
Multidrug resistance is associated with specific DNA sequences termed the multidrug 
resistance locus (mdrl) (Roepe, Curr. Pharm. Des. 6:241, 2000). Increased expression and 
amplification of mdrl sequences have been reported in numerous multidrug-resistant sublines 
of human leukemia and ovarian carcinoma cells. Overexpression of the mdrl gene product 
(P-glycoprotein) reportedly is a feature of mammalian cells displaying resistance to multiple 
anticancer drugs and has been postulated to mediate resistance. Multidrug resistance 
correlates with amplification of two related DNA sequences, designated mdrl and mdr2 
(mdr2 has been referred to by others as mdr3). These sequences were isolated through 
homology with the Chinese hamster mdr gene, mdrl encodes a 4.5 -kb mRNA and reportedly 
was amplified or overexpressed in all multidrug-resistant human cell lines analyzed. 
(Hoffmeyer, S., et al, Proc. Natl. Acad. Sci. USA 97:3473). 

The mdrl gene product P-glycoprotein extrudes a variety of drugs across the plasma 
membrane. The homologous mdr3 P-glycoprotein is required for phosphatidylcholine 
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secretion into bile. By stable transfection of epithelial cells, mdrl and mdr3 were localized in 
the apical membrane. The mdrl gene product (P-glycoprotein) is the apical membrane 
protein responsible for the renal secretion of digoxin. This agent has a low therapeutic index 
and a relatively large and diverse group of coadministered drugs are reported to interact with 
5 digoxin, for example, quinidine, verapamil, amiodarone, spironolactone, and cyclosporin, 
frequently leading to its toxic accumulation (Ueda, et al, Proc. Nat. Acad. Sci. 84:3004-3008, 
1987). Since digoxin is a prototype for endogenous digitalis-like glycosides, endogenous 
digitalis-like glycosides may be the natural substrates for P-glycoprotein. (de Lannoy, I.A.M., 
et al., Biochem. Biophys. Res. Commun. 189:551-557, 1992). 

10 Increased levels of P-glycoprotein reportedly occur in some osteosarcomas. Baldini 

et al. (Baldini, et al., New Eng. J. Med. 333:1380-1385, 1995) investigated the relationship 
between P-glycoprotein status and outcome in 92 patients with high-grade osteosarcoma of 
the extremities who were treated with surgery and chemotherapy. The presence of increased 
levels of P-glycoprotein in the osteosarcoma reportedly were significantly associated with a 

15 decreased probability of remaining event-free after diagnosis. In a multivariate analysis, P- 
glycoprotein status and the extent of tumor necrosis after preoperative chemotherapy were 
independent predictors of clinical outcome. HIV-1 protease inhibitors are potent agents in 
the therapy of HIV-1 infection. However, limited oral absorption and variable tissue 
distribution complicate their use. Kim et al. (Kim, et al., J. Clin. Invest. 101:289-294, 1998) 

20 reported that P-glycoprotein- 1 is involved in the transport of three of these protease inhibitors 
in vitro. After oral administration, plasma concentrations were elevated 2- to 5-fold in mdrl a 
-/- mice carrying the disrupted mdrl a gene, and with intravenous administration, brain 
concentrations were elevated 7- to 36-fold. The literature also suggests that P-glycoprotein 
limits the oral bioavailability and penetration of these agents into the brain (Schinkel, et al., 

25 Cell 77:491-502, 1994). 

Human solid tumors are considerably less well oxygenated than normal tissues 
(Brown, Mol. Med. Today, 6:157, 2000). This leads resistance to radiotherapy and 
anticancer chemotherapy, as well as predisposing to increased tumor metastases, the 
mechanism(s) of which are not known at present. The microenvironment of rapidly growing 

30 tumors is associated with increased energy demand and diminished vascular supply, resulting 
in concentric areas of cellular hypoxia (Brown, Mol. Med. Today, 6:157, 2000). A number 



of hypoxia-responsive genes have been associated with growing solid tumors. 

In view of the foregoing, a need exists to better understand the mechanism underlying 
multidrug resistance and cancer genesis and to develop targeted therapeutic agents for 
treating these and other disorders. 

SUMMARY OF THE INVENTION 

The invention is based, in part, on the discovery that the multidrug resistance (mdrl) 
gene product P-glycoprotein (MDR) (SEQ ID NO: 2), a 170-180 kD transmembrane protein 
associated with tumor resistance to chemotherapeutics, is induced by hypoxia. We have 
used this information to identify transcriptional elements in the mdrl gene that are associated 
with hypoxia inducibility and to develop binding molecules to mdrl that selectively inhibit 
mdrl gene expression that is mediated by hypoxia. Thus, the invention provides antisense 
molecules that selectively bind to a hypoxia responsive element (HRE) in the mdrl gene 
(mdrl-HRE) and, thereby, inhibit transcription of the mdrl gene. 

Prior to this discovery, it was not known that hypoxic conditions induced the 
expression of the mdrl gene (SEQ ID NO: 1). Accordingly, the invention provides 
compositions and methods for selectively modulating mdrl gene expression, for example, to 
treat a condition such as a cancer that is associated with multidrug resistance. Thus, the 
antisense molecule compositions of the invention are useful for treating multidrug resistance 
associated with various cancers, including those presenting solid tumors and those which do 
not present solid tumors (hematologic malignancies). 

This invention is based, in part, on the discovery of the above-noted nexus between 
hypoxia and multidrug resistance and the knowledge that cancers which are not associated 
with solid tumors (e.g., hematologic malignancies such as leukemia) also reportedly exhibit 
multidrug resistance. In view of this discovery, the invention provides compositions and 
methods for treating hematologic malignancies. Such compositions include agents which 
inhibit hypoxia inducible factor-1 (HIF-1) expression, e.g., by blocking hif-1 gene expression 
or the activity of the hif-1 gene product. Such agents collectively are referred to herein as 
"HIF-1 binding molecules". These agents can be administered to treat hematologic 
malignancies alone or in combination with other therapeutic agents, such as the above-noted 
mdrl antisense molecules of the invention. 

As used herein, "HIF-1 expression" is defined as HIF-1 mRNA expression or HIF-1 
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polypeptide expression; "mdrl expression" is defined as mdrl mRNA expression or MDR 
polypeptide expression. Various methods can be used to measure expression. The preferred 
embodiments of the invention utilize PCR and Northern blotting for measuring mRNA 
expression, and monoclonal or polyclonal HIF-1 antisera as reagents for measuring HIF-1 
5 polypeptide expression (or antibodies to MDR for measuring MDR polypeptide expression). 
In certain embodiments, a test sample may be a biopsy sample or a biological fluid such as 
blood. The method is useful, for example, for assessing the efficacy of treatment with the 
HIF-1 binding molecules (e.g. antisense molecules) and/or the mdrl-HRE binding molecules 
(e.g. antisense molecules) of the invention. 

10 According to a first aspect of the invention, a method for treating a subject having or 

at risk of developing a hematologic malignancy is provided. The method involves 
administering to a subject in need of such treatment and free of indications otherwise calling 
for treatment with a HIF-1 binding molecule, a HIF-1 binding molecule in an amount 
effective to treat the hematologic malignancy. 

15 According to certain embodiments of this aspect of the invention, the subject is a 

mammal, preferably a human. The subject may be undergoing chemotherapy, radiation 
therapy or a combination of chemotherapy and radiation therapy, about to undergo 
chemotherapy, radiation therapy or a combination of chemotherapy and radiation therapy, or 
has recently undergone chemotherapy, radiation therapy, or a combination of chemotherapy 

20 and radiation therapy. Optionally, the subject may be presenting symptoms of multidrug 
resistance. 

In some embodiments, the subject has a hematologic maligancy. As used herein, 
hematologic malignancy is a term of art which refers to a lymphoid disorder or a myeloid 
disorder. 

25 Lymphoid disorders include acute lymphocytic leukemia and chronic 

lymphoproliferative disorders (e.g., lymphoma, myeloma, and chronic lymphoid leukemias). 
Lymphomas include hodgkin's disease and non-hodgkin's lymphoma. Chronic lymphoid 
leukemias include T cell chronic lymphoid leukemias and B cell chronic lymphoid 
leukemias. 

30 Myeloid disorders include chronic myeloid disorders and acute myeloid leukemia. 

Chronic myeloid disorders include chronic myeloproliferative disorders and myelodysplastic 
syndrome. Chronic myeloproliferative disorders include angiogenic myeloid metaplasia, 
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essential thrombocythemia, chronic myelogenous leukemia, polycythemia vera, and atypical 
myeloproliferative disorders. Atypical myeloproliferative disorders include atypical CML, 
chronic neutrophilic leukemia, mast cell disease, and chronic eosinophilic leukemia. 
The HIF-1 binding molecule inhibits HIF-1 expression at the transcriptional, 
5 translational, or post-translational level. Thus, HIF-1 binding molecules inhibit the ability of 
the HIF-1 polypeptide to bind to a HRE and induce transcription of the nucleic acid which 
contains the HRE (which, typically is located in the promoter region of a target gene 
sequence). Exemplary HIF-1 binding molecules which inhibit transcription of hif-1 gene 
include antisense to hif-1. Exemplary HIF-1 binding molecules also include binding peptides 

10 such as antibodies or antibody fragments which selectively bind to a HIF-1 polypeptide and, 
thereby, inhibit binding of the HIF-1 to the HRE (See, e.g., U.S. 6,020,462, issued to 
Semenza). Exemplary HIF-1 binding molecules which selectively bind to a HIF-1 
polypeptide and inhibit binding of HIF to the HRE include cell permeant polypeptides. 

In certain embodiments of this aspect of the invention, the HIF-1 binding molecule is 

15 administered in conjunction with an additional agent(s): (a) for treating or preventing the 
hematologic malignancy and/or (b) for treating or preventing multidrug resistance. In some 
embodiments, the agent for treating or preventing multidrug resistance is an mdrl-HRE 
binding molecule that selectively binds to the HRE in the mdrl gene and, thereby, inhibits 
mdrl gene transcription. 

20 According to another aspect of the invention, a method for treating a subject having or 

at risk of developing multidrug resistance is provided. The method involves administering to 
a subject in need of such treatment, an mdrl-HRE binding molecule (e.g. antisense molecule) 
in an amount effective to treat the multidrug resistance. The method is particularly useful for 
treating multidrug resistance for a condition associated with localized hypoxia, e.g., a cancer 

25 which presents a solid tumor. The method also is useful for treating malignancies which do 
not present solid tumors. 

According to certain embodiments of this aspect of the invention, the method involves 
administering an mdrl-HRE binding molecule (e.g. antisense molecule) to a subject having 
multidrug resistance (e.g., a chemotherapy patient presenting multidrug resistance), or at risk 

30 of developing multidrug resistance (e.g., someone for whom chemotherapy is prescribed). 
Preferably, the subject is a mammal and, more preferably, the subject is a human. 

According to still another aspect of the invention, isolated nucleic acids which 



selectively bind to the mdrl-HRE and complements of the foregoing nucleic acids are 
provided. The preferred mdrl-HRE antisense molecules have the nucleotide sequences of 
SEQ ID NOs.: 9-15, inclusive, or unique fragments of SEQ ID NOs.: 9-15, and complements 
to the foregoing. 

According to another aspect of the invention, an isolated HIF-l-SUMO-1 complex is 
provided. The isolated HIF-l-SUMO-1 complex comprises a HIF-1 molecule selected from 
the group consisting of HIF-1 or a SUMO-1 binding HIF-1 fragment and a SUMO-1 
molecule selected from the group consisting of SUMO-1 or a HIF-1 binding SUMO-1 
fragment wherein the SUMO-1 molecule is bound to the HIF-1 molecule. An example of a 
HIF-1 molecule is HIF-1 a. Other examples of a HIF-1 molecule include, but are not limited 
to, HIF-lot peptide domains comprising amino acids: 390-394, 476-480, 476-482, 528-531, 
718-721, or 718-724. Examples of a HIF-1 molecule also encompass nucleic acids 
comprising a amino acid selected from the group consisting of SEQ ID NOs: 16-21 . 

In yet another aspect of the invention, a method of screening for agents that modulate 
the amount of the HIF-l-SUMO-1 complex is provided. The method comprises contacting a 
HIF-1 molecule with a SUMO-1 molecule under conditions that allow the formation of a 
HIF-l-SUMO-1 complex, determining the amount of the HIF-l-SUMO-1 complex in the 
absence of the agent, determining the amount of the HIF-l-SUMO-1 complex in the presence 
of the agent, and comparing the amount of the HIF-l-SUMO-1 complex in the presence and 
absence of the agent. In this embodiment, a decrease in the amount of the HIF-l-SUMO-1 
complex in the presence of the agent indicates that the agent a HIF-l-SUMO-1 complex 
blocking agent, an increase in the amount of the HIF-l-SUMO-1 complex in the presence of 
the agent indicates that the agent is a HIF-l-SUMO-1 complex enhancing agent. 

According to still another aspect of the invention, kits for screening for agents that 
modulate the amount of a HIF-l-SUMO-1 complex are provided. The kits include one or 
more HIF-1 molecules, one or more SUMO-1 molecules and, instructions for the use of the 
HIF-1 molecules and SUMO-1 molecules for detecting agents that modulate the amount of a 
HIF-l-SUMO-1 complex. 

In a further aspect of the invention, another method for inhibiting MDR expression is 
provided. The method involves contacting a nucleic acid encoding an MDR polypeptide with 
a HIF-1 -SUMO 1 complex blocking agent in amount effective to inhibit MDR expression. 
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An example of a HIF-1-SUM0 complex blocking agent is a SUMO-1 binding 
molecule. The SUMO-1 binding molecule inhibits sumo-1 expression at the transcriptional, 
translational, or post-translational level. Thus, SUMO-1 binding molecules inhibit the ability 
of the SUMO-1 polypeptide (SEQ ID NO: 8) to bind to a HIF-1 molecule. Exemplary 
5 SUMO-1 binding molecules which inhibit transcription of sumo-1 gene (SEQ ID NO: 7) 
(GenBank Accession NO: U67122) include antisense molecules to sumo-1. Exemplary 
SUMO-1 binding molecules also include binding peptides such as antibodies or antibody 
fragments which selectively bind to a SUMO-1 polypeptide and, thereby, inhibit binding of 
SUMO-1 to HIF-1. 

10 A method for treating a subject having or at risk of developing a multiple drug 

resistance is also provided. The method comprises administering to a subject in need of such 
treatment and free of indications otherwise calling for treatment with a SUMO-1 binding 
molecule, one or more SUMO-1 binding molecules in an amount effective to treat the 
multiple drug resistance. 

15 The method is particularly useful for treating multidrug resistance for a condition 

associated with localized hypoxia, e.g., a cancer which presents a solid tumor. The method 
also is useful for treating malignancies which do not present solid tumors. 

According to certain embodiments of this aspect of the invention, the method involves 
administering one or more SUMO-1 binding molecules (e.g. antisense molecules) to a subject 

20 having multidrug resistance (e.g., a chemotherapy patient presenting multidrug resistance), or 
at risk of developing multidrug resistance (e.g., someone for whom chemotherapy is 
prescribed). One example of multidrug resistance is a hematologic malignancy that is 
resistant to chemotherapy. Preferably, the subject is a mammal and, more preferably, the 
subject is a human. 

25 The subject may be undergoing chemotherapy, radiation therapy, or a combination of 

chemotherapy and radiation therapy, about to undergo chemotherapy, radiation therapy, or a 
combination of chemotherapy and radiation therapy, or has recently undergone 
chemotherapy, radiation therapy, or a combination of chemotherapy and radiation therapy. 
Optionally, the subject may be presenting symptoms of multidrug resistance. 

30 In some embodiments of the invention, the SUMO-1 binding molecule is 

administered in conjunction with one or more mdrl-HRE binding molecules or HIF-1 
binding molecules. 
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Exemplary SUMO-1 binding molecules are sumo-1 antisense molecules. Examples 
of sumo- 1 antisense molecules include but are not limited to the nucleic acid molecules 
comprising nucleic acid sequences of SEQ ID NOs: 22-24, unique fragments, and 
complements of the foregoing. 
5 Other SUMO-1 binding molecules include antibodies or antibody fragments such as 

an Fab or F(ab) 2 fragment of an antibody to SUMO-1 . Typically, the fragment includes a 
CDR3 region that is selective for SUMO-1. The antibody is a monoclonal antibody, a 
polyclonal antibody, or a chimeric antibody. Thus, exemplary SUMO-1 binding molecules 
include antibodies or antibody fragments that bind SUMO-1 and inhibit the binding of 

10 SUMO-1 to HIF- la. 

According to still another aspect of the invention, isolated SUMO-1 antisense nucleic 
acids comprising sequences selected from the group consisting of: SEQ. ID NOs: 22-24 
inclusive, unique fragments, and complements of the foregoing are provided. 

According to a further aspect of the invention, pharmaceutical compositions 

15 containing the nucleic acids, proteins, and binding molecules of the invention are provided. 
The pharmaceutical compositions contain any of the foregoing therapeutic agents in a 
pharmaceutically acceptable carrier. Thus, in a related aspect the invention provides a 
method for forming a medicament that involves placing a therapeutically effective amount of 
the therapeutic agent in a pharmaceutically acceptable carrier to form one or more doses. 

20 These and other aspects of the invention will be more apparent in reference to the 

following detailed description of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 
The invention is based, in part, on the discovery that the multidrug resistance protein, 
25 MDR (also known as P-glycoprotein) (SEQ ID NO: 2), associated with tumor resistance to 
chemotherapeutics and encoded by the mdrl gene (SEQ ID NO: 1) (GenBank Accession NO: 
Ml 4758), is induced by hypoxia. We have used this information to identify transcriptional 
elements in the mdrl gene that are associated with hypoxia inducibility and to develop 
molecules that selectively inhibit mdrl gene expression that is mediated by hypoxia. 
30 The results disclosed herein demonstrate that RNA derived from a human intestinal 

epithelial cell line (T84) revealed an approximate 7-fold increase in mdrl, but not mdr-3, in 
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epithelial cells exposed to hypoxia (p0 2 20 torr, 18 hrs). These findings were confirmed at 
the mRNA levels (semi-quantitative RT-PCR, hypoxia time-dependent induction, maximal 
12-fold increase at 24 hr hypoxia) and at the protein level (increase of 3-5-fold by both 
western blot and surface ELISA). P-glycoprotein function was studied by analysis of 
5 verapamil-inhibitable efflux of digoxin and fluorescein isothiocyanate in intact T84 cells, and 
indicated that hypoxia enhances P-glycoprotein efflux function by as much as 7±0.4-fold 
over normoxia. Subsequent results confirmed hypoxia-elicited mdrl gene induction and 
increased P-glycoprotein expression in non-transformed, primary cultures of human 
microvascular endothelial cells, indicating that such findings are not specific for transformed 
10 cell types. 

In view of the foregoing results, we examined the mdrl gene (Ueda, K., et al., J. Biol. 
Chem. 262:505-508, 1987; Ueda, K., et al., Biochem. Biophys. Res. Commun. 141:956-962, 
1986; Ueda, K., et al., J. Biol. Chem. 262:17432-17436, 1987) and identified at least three 
binding sites for hypoxia inducible factor- 1 (HIF-1), a transcription factor associated with 

15 hypoxia inducibility (Semenza, G.L. 1998. Curr. Opin. Genet. Dev. 8:588). In our further 
experiments showed that inhibition of HIF-1 expression by antisense oligonucleotides 
resulted in significant inhibition of hypoxia-inducible mdrl expression and a nearly complete 
loss of basal mdrl expression in normoxic epithelia and endothelia. 

Taken together, these findings indicate that the mdrl gene is hypoxia-responsive and 

20 suggested to us the identification of hypoxia-elicited P-glycoprotein expression as a pathway 
for resistance of some cancers to chemotherapeutics. Thus, the invention is based, in part, on 
the discovery that the multidrug resistance (mdrl) gene product P-glycoprotein is induced by 
hypoxia. As used herein hypoxia is defined as the decreased delivery of molecular oxygen 
(0 2 ) to cells, tissues or organs for periods of time to evoke acute or long-term physiologic 

25 consequences. 

HDR1 expression is regulated by hypoxia-related regulators. Exemplary hypoxia- 
related regulators of MDR-1 expression include: hypoxia-inducible factor- 1 (HIF-1) (Wang, 
et al., Proc. Natl. Acad. Sci. 92:5510, 1995; Wang, and Semenza, J. Biol. Chem. 270:1230, 
1995), hypoxia-inducible factor-2 (HIF-2) (Wiesener et al., Blood 92: 2260-2268, 1998, 
30 Genbank Accession NO: U81984) (SEQ ID NO: 60) encoded for by hif-2 (SEQ ID NO: 59), 
and hypoxia-inducible factor-3 (HIF-3) (Gu, et. al, Gene Expr. 7: 205-213, 1998, Genbank 
Accession NO: AB054067) (SEQ ID NO: 62) encoded for by hif-3 (SEQ ID NO: 61). HIF-1 
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is a member of the rapidly growing Per-ARNT-Sim (PAS) family of basic helix-loop-helix 
(bHLH) transcription factors. Functional HIF-1 exists as a heterodimer of HIF-la (SEQ ID 
NO: 4) and HIF-1 (3 a (SEQ ID NO: 6). The activation of HIF-1 is dependent upon 
stabilization of an 02-dependent degradation pathway in the HIF-la (Huang, L.E., et al., 
5 Proc. Nat. Acad. Sci. (USA) 95:7987, 1998). Binding of HIF-1 to DNA consensus domains 
(5'-RCGTG-3') (SEQ ID NO: 25) results in the transcriptional induction of HIF-1 bearing 
gene promoters (Semenza, Curr Opin Genet Dev;8:588-94, 1998). HIF-1 is widely expressed 
and recent studies indicate that consensus HIF-1 binding sequences exist in a number of 
genes (Semenza, G.L.: Curr. Opin. Genet. Dev. 8:588, 1998). (See also, U.S. 6,020,462, 

10 issued to Semenza, which reports HIF-1 blocking agents for treating cancers associated with 
tumor proliferation mediated by VEGF-induced angiogenesis.) 

The central region of HIF-la contains an oxygen-dependent-degradation (ODD) 
domain located between amino acids 401 and 603. In normoxic conditions (normal oxygen 
concentraions in the blood) HIF-la is ubiquinated and rapidly degraded through the 

15 proteosomal machinery). In hypoxic conditions (low oxygen concentrations in the blood) the 
protein is stabilized and accumulates within the nucleus, a process that is initiated 
instantaneously. 

A newly discovered small ubiquitin-like-modifier (SUMO-1) (SEQ ID NO: 8) appears to 
antagonize HIF-la degradation. Prior to this discovery, it was not known that SUMO-1 

20 antagonized HIF-1 a degradation by binding to an oxygen-dependent-degradation (ODD) 
doman in the HIF-la molecule. 

In view of the foregoing discoveries, the following inventions are provided. 
According to one aspect of the invention, a method is provided wherein a HIF-1 
binding molecule is used for treating a subject afflicted by or susceptible to a hematologic 

25 malignancy. The method involves administering to a subject having or at risk of developing 
a hematologic malignancy a therapeutically effective amount of a HIF-1 binding molecule. 
The preferred subjects of the present invention do not have any other indication for a HIF-1 
binding molecule. Exemplary such indications calling for treatment with a HIF-1 binding 
molecule include cancers that are associated with tumor proliferation mediated by VEGF- 

30 induced angiogenesis (see, e.g., U.S. 6,020,462, issued to Semenza). Accordingly, in certain 
preferred embodiments, the subject does not present a solid tumor and/or is otherwise free of 
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a condition such as those disclosed in Semenza '462. 

A subject having a hematologic malignancy is a subject with at least one identifiable 
sign, symptom, or laboratory finding sufficient to make a diagnosis of a hematologic 
malignancy in accordance with clinical standards known in the art for identifying such 
disorders. Examples of such clinical standards can be found in Harrison's Principles of 
Internal Medicine , 14th Ed., Fauci AS et al., eds., McGraw-Hill, New York, 1998. In some 
instances, a diagnosis of a hematologic malignancy will include identification of a particular 
malignant cell type present in a sample of a body fluid or tissue obtained from the subject. 

As used herein, hematologic malignancy is a term of art which refers to a lymphoid 
disorder or a myeloid disorder. 

Lymphoid disorders include acute lymphocytic leukemia and chronic 
lymphoproliferative disorders (e.g., lymphoma, myeloma, and chronic lymphoid leukemias). 
Lymphomas include hodgkin's disease and non-hodgkin's lymphoma. Chronic lymphoid 
leukemias include T cell chronic lymphoid leukemias and B cell chronic lymphoid 
leukemias. 

Myeloid disorders include chronic myeloid disorders and acute myeloid leukemia. 
Chronic myeloid disorders include chronic myeloproliferative disorders and myelodysplastic 
syndrome. Chronic myeloproliferative disorders include angiogenic myeloid metaplasia, 
essential thrombocythemia, chronic myelogenous leukemia, polycythemia vera, and atypical 
myeloproliferative disorders. Atypical myeloproliferative disorders include atypical CML, 
chronic neutrophilic leukemia, mast cell disease, and chronic eosinophilic leukemia. 

A subject at risk of developing a hematologic malignancy is a subject with an 
identifiable risk factor for developing a hematologic malignancy. For example, a subject at 
risk of developing a hematologic malignancy can include an individual with a known or 
suspected exposure to environmental agents (e.g., carcinogens) associated with an increased 
risk of developing a hematologic malignancy. Additionally or alternatively, a subject at risk 
of developing a hematologic malignancy can include an individual with a genetic 
predisposition to developing a hematologic malignancy. Yet other examples of a subject at 
risk of developing a hematologic malignancy include a subject that previously has been 
diagnosed with a cancer associated with a solid tumor and who is at risk of metastasis of the 
primary tumor. 

According to this aspect of the invention, the subject is treated by administering a 
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HIF-1 binding molecule. As used herein, a "HIF-1 binding molecule" refers to a compound 
which inhibits HIF-1 expression (at the transcriptional, translational, or post-translational 
level). HIF-1 expression refers to the ability of the HIF 1 polypeptide to bind to a HIF-1 
responsive element (HRE) and induce transcription of the nucleic acid which contains the 
5 HRE (typically in the promoter region of a gene sequence). Exemplary HIF- 1 binding 

molecules include antisense nucleic acid, ribozymes, or triplex agents to block transcription 
or translation of a specific hif-1 mRNA or DNA, either by masking that mRNA with an 
antisense nucleic acid or DNA with a triplex agent, or by cleaving the nucleotide sequence 
with a ribozyme (See, e.g., U.S. 6,020,462, issued to Semenza.) Exemplary HIF-1 binding 

10 molecules which inhibit HIF-1 activity include binding peptides such as antibodies/antibody 
fragments which selectively bind to a HIF-1 polypeptide and, thereby, inhibit binding of the 
HIF-1 to the HRE. Exemplary HIF-1 binding molecules also include polypeptides which 
selectively inhibit the formation of HIF-1. Preferably the HIF binding polypeptides are all 
permeant. An example of a molecule used to prepare cell permeant peptides is HIF-tat 

15 peptide. 

The HRE is defined as the central HIF-1 binding region of the mdrl and flanking 
nucleotides on either or both 5' and 3' ends of the HIF-1 binding site. The invention 
embraces 1 1 previously unappreciated HIF-1 binding sites in the mdr-1 gene, each of which 
is unique to mdrl . These sequences (SEQ ID NOs: 26-36) are shown below (the central HIF- 
20 1 binding region is in upper case and the indicated position is relative to transcription start 
site): 

ctttgaaagACGTGtctacataag with HIF-1 site at positions -256 to -260 (SEQ ID NO: 26) 
cagcgccgggGCGTGggctgagcac with HIF-1 site at positions -45 to -49 (SEQ ID NO: 27) 
aactctgcctTCGTGgagatgctgg with HIF-1 site at positions +498 to +502 (SEQ ID NO: 28) 

25 taggatttacACGTGgttggaagct with HIF-1 site at positions +766 to +770 (SEQ ID NO: 29) 
ttcgctatggCCGTGaaaatgtcac with HIF-1 site at positions +1612 to +1616 (SEQ ID NO: 30) 
tcgccattgcACGTGccctggttcg with HIF-1 site at positions +1765 to +1769 (SEQ ID NO: 31) 
gtaggagtgtCCGTGgatcacaagc with HIF-1 site at positions +2156 to +2160 (SEQ ID NO: 32) 
ttggtgccatggCCGTGgggcaagtc with HIF-1 site at positions +3 100 to +3 104 (SEQ ID NO: 33) 

30 cacctgggcaTCGTGTcccaggagcc with HIF-1 site at positions +3484 to +3488 (SEQ ID NO: 
34) 

caggaagagaTCGTGagggcagcaa with HIF-1 site at positions +3573 to +3577 (SEQ ID NO: 
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35) 

cattgccatagcTCGTGcccttgttagac with HIF-1 site at positions +3701 to +3705 (SEQ ID NO: 
36) 

The invention also encompasses unique fragments of the foregoing sequences, 
5 particularly unique fragments of SEQ ID Nos. 26 through 36 which include the HIF-1 
binding site and at least 2, 3, 4, 5, 6, 7, 8, 9, 10, 1 1, 12, 13, 14, 15, 16, 17, 18, 19, or 20 
additional nucleotides (contributed from the mdr sequence flanking the HIF-1 binding site) 
present on either or both 5' and 3' ends of the HIF-1 binding site. Thus, for example, unique 
fragments of SEQ ID NO: 26 would include, but not be limited to: 
10 tttgaaagACGTGtctacataag (SEQ ID NO: 5 1); 

ttgaaagACGTGtctacataag; (SEQ ID NO: 52) 
tgaaagACGTGtctacataag; (SEQ ID NO: 53) 
tgaaagACGTGtctacataag; (SEQ ID NO: 54) 
ctttgaaagACGTGtctacataa; (SEQ ID NO: 55) 
15 ctttgaaagACGTGtctacata; (SEQ ID NO: 56) 

ctttgaaagACGTGtctacat; (SEQ ID NO: 57) 

ctttgaaagACGTGtctaca (SEQ ID NO: 58); and so forth, provided that the unique 
fragments are unique in sequence, e.g., as determined using BLAST, for the mdr gene. 

According to another aspect of the invention, a method for treating a subject having or 
20 at risk of developing multidrug resistance is provided. The method involves administering to 
a subject in need of such treatment, an mdrl-HRE binding molecule in an amount effective to 
treat the multidrug resistance. The method is particularly useful for treating multidrug 
resistance as a result of drug treatment for a condition associated with localized hypoxia, e.g., 
a cancer which presents a solid tumor. The method also is useful for treating hematologic 
25 malignancies which do not present solid tumors. 

According to certain embodiments of this aspect of the invention, the method involves 
administering an mdrl-HRE binding molecule to a subject having multidrug resistance (e.g., 
a chemotherapy patient presenting multidrug resistance), or at risk of developing multidrug 
resistance (e.g., someone for whom chemotherapy is prescribed). Preferably, the subject is a 
30 mammal and, more preferably, the subject is a human. 

According to still another aspect of the invention, isolated nucleic acids which 
selectively bind to the mdrl-HRE and complements of the foregoing nucleic acids are 
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provided. The preferred mdrl-HRE antisense molecules have the nucleotide sequences of 
SEQ ID NOs: 9-15, inclusive, or unique fragments of SEQ ID NOs: 9-15, and complements 
to the foregoing. 

Antisense oligomers of about 15 to about 35 nucleotides are preferred, since they are 
5 easily synthesized and are less likely to cause problems than larger molecules when 
introduced into the target HIF-1 -producing cell. 

Use of an oligonucleotide to stall transcription is known as the triplex strategy since 
the oligomer winds around double-helical DNA, forming a three-strand helix. Therefore, 
these triplex compounds can be designed to recognize a unique site on a chosen gene (Maher 
10 et al., Antisense Res. and Dev. 1:227, 1991; Helene, Anticancer Drug Design, 6,569, 1991). 

Ribozymes are RNA molecules possessing the ability to specifically cleave other 
single stranded RNA in a manner analogous to DNA restriction endonucleases. Through the 
modification of nucleotide sequences which encode these RNAs, it is possible to engineer 
molecules that recognize specific nucleotide sequences in an RNA molecule and cleave it 
15 (Cech, J. Amer. Med. Assn. 260:3030, 1988). A major advantage of this approach is that, 
because they are sequence-specific, only mRNAs with particular sequences are inactivated. 

There are two basic types of ribozymes namely, tetrahymena-type (Hasselhoff Nature 
334:585, 1988) and "hammerhead"-type. Tetrahymena-type ribozymes recognize sequences 
which are four bases in length, while "hammerhead" -type ribozymes recognize base 
20 sequences 11-18 bases in length. The longer the recognition sequence, the greater the 
likelihood that the sequence will occur exclusively in the target mRNA species. 
Consequently, hammerhead-type ribozymes are preferable to tetrahymena-type ribozymes for 
inactivating a specific mRNA species and 18-based recognition sequences are preferable to 
shorter recognition sequences. 
25 The invention embraces HIF-1 binding molecules that are antisense molecules that 

selectively bind to a nucleic acid molecule encoding a HIF-1 polypeptide (for treating a 
hematologic malignancy). The invention also embraces antisense molecules that bind to a 
HRE located in an mdr sequence ("mdrl-HRE antisense molecules"), such as the nucleic acid 
molecules defined by SEQ ID NOs: 9-15, unique fragments, or complements of these nucleic 
30 acid molecules. mdrl-HRE antisense molecules are described in more detail below. A 

unique fragment is one that is a 'signature' for the larger nucleic acid. It, for example, is long 
enough to assure that its precise sequence is not found in molecules outside of the defined 
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nucleic acid molecules. Those of ordinary skill in the art may apply no more than routine 
procedures to determine if a fragment is unique within the human or mouse genome. 

It is to be understood that, in general, the definitions of antisense molecules, delivery 
routes, pharmaceutical compositions for the HIF-1 antisense molecules of the invention are 
5 substantially the same for the mdrl-HRE antisense molecules of the invention. 

As used herein, the term "antisense oligonucleotide" or "antisense" describes an 
oligonucleotide that is an oligoribonucleotide, oligodeoxyribonucleotide, modified 
oligoribonucleotide, or modified oligodeoxyribonucleotide which hybridizes under 
physiological conditions to DNA comprising a particular gene or to an mRNA transcript of 

10 that gene and, thereby, inhibits the transcription of that gene and/or the translation of that 
mRNA. The antisense molecules are designed so as to interfere with transcription or 
translation of a target gene upon hybridization with the target gene or transcript. Those 
skilled in the art will recognize that the exact length of the antisense oligonucleotide and its 
degree of complementarity with its target will depend upon the specific target selected, 

15 including the sequence of the target and the particular bases which comprise that sequence. 

It is preferred that the antisense oligonucleotide be constructed and arranged so as to 
bind selectively with the target under physiological conditions, i.e., to hybridize substantially 
more to the target sequence than to any other sequence in the target cell under physiological 
conditions. Based upon the mdrl-HRE antisense molecules (e.g., SEQ ID NOs: 9 through 

20 15), the known sequences for HIF-1 a cDNA (SEQ ID NO: 3) (GenBank Accession NO: 

U22431), and HIF-1 p cDNA (SEQ ID NO: 5) (GenBank Accession NO: M69238), or upon 
allelic or homologous genomic and/or cDNA sequences, one of skill in the art can easily 
choose and synthesize any of a number of appropriate antisense molecules for use in 
accordance with the present invention. In order to be sufficiently selective and potent for 

25 inhibition, such antisense oligonucleotides should comprise at least 10 and, more preferably, 
at least 15 consecutive bases which are -complementary to the target, although in certain 
cases modified oligonucleotides as short as 7 bases in length have been used successfully as 
antisense oligonucleotides (Wagner et al., Nat. Med. 1(1 1):11 16-1 118, 1995). Most 
preferably, the antisense oligonucleotides comprise a complementary sequence of 20-35 

30 bases. Although oligonucleotides may be chosen which are antisense to any region of the 
gene (such as to the mdrl-HRE) or mRNA transcripts, in certain embodiments directed to 
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inhibiting HIF-1 transcription/ translation, the antisense oligonucleotides preferably 
correspond to N-terminal or 5' upstream sites such as translation initiation, transcription 
initiation or promoter sites. In addition, 3 '-untranslated regions may be targeted by antisense 
oligonucleotides. Targeting to mRNA splicing sites has also been used in the art but may be 
less preferred if alternative mRNA splicing occurs. In addition, the antisense is targeted, 
preferably, to sites in which mRNA secondary structure is not expected (see, e.g., Sainio et 
al., Cell Mol. Neurobiol. 14(5):439-457, 1994) and at which proteins are not expected to bind. 
The present invention also provides for antisense oligonucleotides which are complementary 
to the genomic DNA corresponding to the hif-1 cDNA sequence or sumo-1 cDNA sequence. 

In one set of embodiments, the antisense oligonucleotides of the invention may be 
composed of "natural" deoxyribonucleotides, ribonucleotides, or any combination thereof. 
That is, the 5' end of one native nucleotide and the 3' end of another native nucleotide may 
be covalently linked, as in natural systems, via a phosphodiester internucleoside linkage. 
These oligonucleotides may be prepared by art recognized methods which may be carried out 
manually or by an automated synthesizer. They also may be produced recombinantly by 
vectors. 

In preferred embodiments, however, the antisense oligonucleotides of the invention 
also may include "modified" oligonucleotides. That is, the oligonucleotides may be modified 
in a number of ways which do not prevent them from hybridizing to their target but which 
enhance their stability or targeting or which otherwise enhance their therapeutic 
effectiveness. 

The term "modified oligonucleotide" as used herein describes an oligonucleotide in 
which (1) at least two of its nucleotides are covalently linked via a synthetic internucleoside 
linkage (i.e., a linkage other than a phosphodiester linkage between the 5' end of one 
nucleotide and the 3' end of another nucleotide) and/or (2) a chemical group not normally 
associated with nucleic acids has been covalently attached to the oligonucleotide. Preferred 
synthetic internucleoside linkages are phosphorothioates, alkylphosphonates, 
phosphorodithioates, phosphate esters, alkylphosphonothioates, phosphoramidates, 
carbamates, carbonates, phosphate triesters, acetamidates, carboxymethyl esters and peptides. 

The term "modified oligonucleotide" also encompasses oligonucleotides with a 
covalently modified base and/or sugar. For example, modified oligonucleotides include 
oligonucleotides having backbone sugars which are covalently attached to low molecular 
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weight organic groups other than a hydroxyl group at the 3' position and other than a 
phosphate group at the 5' position. Thus modified oligonucleotides may include a 2'-0- 
alkylated ribose group. In addition, modified oligonucleotides may include sugars such as 
arabinose instead of ribose. 

The invention also involves vectors coding for the nucleic acids of the invention and 
host cells containing those expression vectors. Virtually any cell, prokaryotic or eukaryotic, 
which can be transformed with heterologous DNA or RNA and which can be grown or 
maintained in culture, may be used in the practice of the invention. Examples include 
bacterial cells such as E. coli and eukaryotic cells such as mouse, hamster, pig, goat, primate, 
yeast, xenopous, etc. They may be of a wide variety of tissue types, including mast cells, 
fibroblasts, oocytes and lymphocytes, and they may be primary cells or cell lines. Specific 
examples include CHO cells and COS cells. Cell-free transcription systems also may be used 
in lieu of cells. 

As used herein, a "vector" may be any of a number of nucleic acids into which a 
desired sequence may be inserted by restriction and ligation for transport between different 
genetic environments or for expression in a host cell. Vectors are typically composed of 
DNA although RNA vectors are also available. Vectors include, but are not limited to, 
plasmids, phagemids and virus genomes. A cloning vector is one which is able to replicate in 
a host cell, and which is further characterized by one or more endonuclease restriction sites at 
which the vector may be cut in a determinable fashion and into which a desired DNA 
sequence may be ligated such that the new recombinant vector retains its ability to replicate 
in the host cell. In the case of plasmids, replication of the desired sequence may occur many 
times as the plasmid increases in copy number within the host bacterium or just a single time 
per host before the host reproduces by mitosis. In the case of phage, replication may occur 
actively during a lytic phase or passively during a lysogenic phase. An expression vector is 
one into which a desired DNA sequence may be inserted by restriction and ligation such that 
it is operably joined to regulatory sequences and may be expressed as an RNA transcript. 
Vectors may further contain one or more marker sequences suitable for use in the 
identification of cells which have or have not been transformed or transfected with the vector. 
Markers include, for example, genes encoding proteins which increase or decrease either 
resistance or sensitivity to antibiotics or other compounds, genes which encode enzymes 
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whose activities are detectable by standard assays known in the art (e.g., P-galactosidase or 
alkaline phosphatase), and genes which visibly affect the phenotype of transformed or 
transfected cells, hosts, colonies or plaques (e.g., green fluorescent protein). Preferred 
vectors are those capable of autonomous replication and expression of the structural gene 
5 products present in the DNA segments to which they are operably joined. 

As used herein, a coding sequence and regulatory sequences are said to be "operably" 
joined when they are covalently linked in such a way as to place the expression or 
transcription of the coding sequence under the influence or control of the regulatory 
sequences. If it is desired that the coding sequences be translated into a functional protein, 

1 0 two DNA sequences are said to be operably joined if induction of a promoter in the 5 ' 

regulatory sequences results in the transcription of the coding sequence and if the nature of 
the linkage between the two DNA sequences does not (1) result in the introduction of a 
frame-shift mutation, (2) interfere with the ability of the promoter region to direct the 
transcription of the coding sequences, or (3) interfere with the ability of the corresponding 

15 RNA transcript to be translated into a protein. Thus, a promoter region would be operably 
joined to a coding sequence if the promoter region were capable of effecting transcription of 
that DNA sequence such that the resulting transcript might be translated into the desired 
protein or polypeptide. The precise nature of the regulatory sequences needed for gene 
expression may vary between species or cell types, but shall in general include, as necessary, 

20 5' non-transcribed and 5' non-translated sequences involved with the initiation of 

transcription and translation respectively, such as a TATA box, capping sequence, CAAT 
sequence, and the like. Especially, such 5' non-transcribed regulatory sequences will include 
a promoter region which includes a promoter sequence for transcriptional control of the 
operably joined gene. Regulatory sequences may also include enhancer sequences or 

25 upstream activator sequences as desired. The vectors of the invention may optionally include 
5' leader or signal sequences. The choice and design of an appropriate vector is within the 
ability and discretion of one of ordinary skill in the art. 

Alternatively, suppression of HIF-1 function can be achieved through administration 
of a HIF-1 binding molecule that is a polypeptide. HIF-1 a variant polypeptide (dominant 

30 negative variant form), or a polypeptide sequence encoding HIF-1 a variant polypeptide is an 
exemplary HIF-1 a polypeptide antagonist. By administering HIF-1 a variant polypeptide or 
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a nucleotide sequence encoding such polypeptide, the variant will compete with wild-type 
HIF-1 for binding to HIF-lp in forming HIF-1 dimer, thereby lowering the concentration of 
HIF-1 dimer in the cell which can efficiently bind to the HIF-1 DNA binding motif (HRE). 

Exemplary HIF-1 binding polypeptides also include cell permeant polypeptides which 
5 selectively inhibit the formation of HIF-1 . An example of a molecule used to prepare cell 
permeant peptides is HIV-tat peptide. Cells are loaded with polypeptide utilizing molecules 
such as the HIV-tat peptide sequence. HIF-tat peptide-facilitated loading of cells with 
peptides is based on previous work (Swarze, Science 285: 1569-1573, 1998) and successfully 
employed by us to target functional inhibition of CREB (Taylor, et. al. Proc Nat Acad Sci 

10 (USA) 97: 12091-12096, 2000) and beta 3 integrin (see Bruyninckx, et. al., Blood 97:3251- 
3258, 2001). Peptide sequences are HIV tat peptide: YGRKKRRQRRRG (SEQ ID NO: 63); 
synthesized with the HIF-1 nuclear localization sequence AQRKRKMEHDG (SEQ ID NO: 
64); or SUMO-1 binding sites within HIF-1 (FDKLKKEPDAL (SEQ ID NO: 65), 
EVALKLEPNPES (SEQ ID NO: 66), or DMVNEFKLELVE (SEQ ID NO: 67)). All 

15 peptides are made as stock concentration of 1 OmM in dimethylsulf oxide (DMSO). 

Equimolar concentrations of HIV tat peptide are co-incubated for 10 min. prior to addition to 
cells. Peptides (final concentration IOjuM) are added apically using equi-volume DMSO as a 
vehicle control and peptides are incubated with cells for 15 min. prior to cell incubation in 
hypoxia (Taylor, et. al. Proc Nat Acad Sci (USA) 97: 12091-12096, 2000). 

20 Suppression of HIF-1 function can also be achieved through administration of an 

antibody or antibody fragment (e.g., a monoclonal antibody or binding fragment thereof) 
which selectively binds to HIF-1 and, thereby, inhibits binding of HIF-1 to a HRE. In some 
embodiments, the antibody or antibody fragment is attached to a HIF-1 binding polypeptide. 
In yet other embodiments, the antibody or antibody fragment is administered with one or 

25 more HIF-1 binding molecules. 

The HIF-1 binding molecules of the invention are placed in a pharmaceutically 
acceptable carrier and are delivered to a recipient subject (preferably a human) in accordance 
with known methods of drug delivery, depending on the nature of the antagonist (e.g., 
antisense to the hif-1 or mdrl-HRE antisense molecules, or an antibody for selectively 

30 binding to the HIF-1 polypeptide). In general, the methods of the invention for delivering 

the HIF-1 binding molecules in vivo utilize art-recognized protocols for delivering these types 
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of therapeutic agents (e.g., gene therapy vectors, antibody therapeutics). 

Various techniques may be employed for introducing the therapeutic nucleic acids of 
the invention (e.g., antisense to hif-1, antisense to mdrl-HRE) into cells, depending on 
whether the nucleic acids are introduced in vitro or in vivo in a host. Such techniques include 
5 transfection of nucleic acid-CaP04 precipitates, transfection of nucleic acids associated with 
DEAE, transfection with a retrovirus including the nucleic acid of interest, liposome 
mediated transfection, and the like. For certain uses, it is preferred to target the nucleic acid 
to particular cells. In such instances, a vehicle used for delivering a nucleic acid of the 
invention into a cell (e.g., a retrovirus, or other virus; a liposome) can have a targeting 

10 molecule attached thereto. For example, a molecule such as an antibody specific for a 

surface membrane protein on the target cell or a ligand for a receptor on the target cell can be 
bound to or incorporated within the nucleic acid delivery vehicle. For example, where 
liposomes are employed to deliver the nucleic acids of the invention, proteins which bind to a 
surface membrane protein associated with endocytosis may be incorporated into the liposome 

15 formulation for targeting and/or to facilitate uptake. Such proteins include capsid proteins or 
fragments thereof tropic for a particular cell type, antibodies for proteins which undergo 
internalization in cycling, proteins that target intracellular localization and enhance 
intracellular half life, and the like. Polymeric delivery systems also have been used 
successfully to deliver nucleic acids into cells, as is known by those skilled in the art. Such 

20 systems even permit oral delivery of nucleic acids. 

The following U.S. patents demonstrate palliative, therapeutic and other methods 
utilizing antisense oligonucleotides. U.S. Pat. No. 5,135,917 provides antisense 
oligonucleotides that inhibit human interleukin-1 receptor expression. U.S. Pat. No. 
5,098,890 is directed to antisense oligonucleotides complementary to the c-myb oncogene 

25 and antisense oligonucleotide therapies for certain cancerous conditions. U.S. Pat. No. 

5,087,617 provides methods for treating cancer patients with antisense oligonucleotides. U.S. 
Pat. No. 5,166,195 provides oligonucleotide inhibitors of HIV. U.S. Pat. No. 5,004,810 
provides oligomers capable of hybridizing to herpes simplex virus Vmw65 mRNA and 
inhibiting replication. U.S. Pat. No. 5,194,428 provides antisense oligonucleotides having 

30 antiviral activity against influenza virus. U.S. Pat. No. 4,806,463 provides antisense 

oligonucleotides and methods using them to inhibit HTLV-III replication. U.S. Pat. No. 
5,286,717 provides oligonucleotides having a complementary base sequence to a portion of 
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an oncogene. U.S. Pat. No. 5,276,019 and U.S. Pat. No. 5,264,423 are directed to 
phosphorothioate oligonucleotide analogs used to prevent replication of foreign nucleic acids 
in cells. U.S. Pat. No. 4,689,320 is directed to antisense oligonucleotides as antiviral agents 
specific to CMV. U.S. Pat. No. 5,098,890 provides oligonucleotides complementary to at 
5 least a portion of the mRNA transcript of the human c-myb. U.S. Pat. No. 5,242,906 
provides antisense oligonucleotides useful in the treatment of latent EBV infections. 

These and other delivery systems can include time-release, delayed release or 
sustained release delivery systems. Such systems can avoid repeated administrations of the 
HIF-1 binding molecules and/or mdrl-HRE antisense molecules, increasing convenience to 

10 the subject and the physician. Many types of release delivery systems are available and 
known to those of ordinary skill in the art. They include polymer base systems such as 
poly(lactide-glycolide), copolyoxalates, polycaprolactones, polyesteramides, polyorthoesters, 
polyhydroxybutyric acid, and polyanhydrides. Microcapsules of the foregoing polymers 
containing drugs are described in, for example, U.S. Patent 5,075,109. Delivery systems also 

15 include non-polymer systems that are: lipids including sterols such as cholesterol, cholesterol 
esters and fatty acids or neutral fats such as mono- di- and tri-glycerides; hydrogel release 
systems; sylastic systems; peptide based systems; wax coatings; compressed tablets using 
conventional binders and excipients; partially fused implants; and the like. Specific examples 
include, but are not limited to: (a) erosional systems in which an agent of the invention is 

20 contained in a form within a matrix such as those described in U.S. Patent Nos. 4,452,775, 
4,675,189, and 5,736,152, and (b) diffusional systems in which an active component 
permeates at a controlled rate from a polymer such as described in U.S. Patent Nos. 
3,854,480, 5,133,974 and 5,407,686. In addition, pump-based hardware delivery systems can 
be used, some of which are adapted for implantation. 

25 Use of a long-term sustained release implant may be particularly suitable for 

treatment of chronic conditions. Long-term release, as used herein, means that the implant is 
constructed and arranged to deliver therapeutic levels of the active ingredient for at least 30 
days, and preferably 60 days. Long-term sustained release implants are well-known to those 
of ordinary skill in the art and include some of the release systems described above. 

30 The methods for delivering a functional antisense molecule for transcription in vivo 

include the methods used to deliver a functional gene for gene therapy applications. For 
example, a procedure for performing ex vivo gene therapy is outlined in U.S. Patent 
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5,399,346 and in exhibits submitted in the file history of that patent, all of which are publicly 
available documents. In general, the method involves introduction in vitro of a functional 
copy of a gene into a cell(s) of a subject which contains a defective copy of the gene, and 
returning the genetically engineered cell(s) to the subject. The functional copy of the gene is 
5 under operable control of regulatory elements which permit expression of the gene in the 

genetically engineered cell(s). Numerous transfection and transduction techniques as well as 
appropriate expression vectors are well known to those of ordinary skill in the art, some of 
which are described in PCT application WO95/00654. In vivo gene therapy using vectors 
such as adenovirus, retroviruses, herpes virus, and targeted liposomes also is contemplated 

10 according to the invention. See, e.g., U.S. Patent Nos. 5,670,488, entitled "Adenovirus 

Vector for Gene Therapy", issued to Gregory et al., and 5,672,344, entitled "Viral-Mediated 
Gene Transfer System", issued to Kelley et al. 

HIF-1 binding molecules which are antisense molecules or antibodies selective for 
HIF-1 reportedly are useful for inhibiting tumor proliferation mediated by VEGF-induced 

15 angiogenesis (U.S. Patent No. 6,020,462, issued to Semenza). Antibodies (e.g., antibodies 
which bind to HIF-1 and block binding of HIF-1 to an mdrl-HRE) can be administered to a 
subject in accordance with known methods in the art. Methods for delivering antisense 
molecules to inhibit transcription of mdr are described in U.S. 6,001,991, issued to Dean, et 
al. Such methods also are useful for delivering the HIF-1 binding molecules which are 

20 formed of nucleotides (e.g., antisense, ribozyme). 

The HIF-1 binding molecules may be administered alone or in combination with at 
least one other agent known or believed by the applicants to be useful for treating a 
hematologic malignancy. Other agents which are known to be useful in the treatment of 
proliferative disorders, such as hematologic malignancies, include ribavirin, amantadine, 

25 chemotherapeutic agents (e.g., 5-fluorouracil and BCNU), radiation therapy, phototherapy, 
and cytokines, including IL-2, IL-12, and IFN-y. Those skilled in the art will recognize 
which of the other agents to be administered in conjunction with the HIF-1 binding molecules 
and/or mdrl-HRE antisense molecules are appropriate for treating a given suspected or 
identified hematologic malignancy. 

30 As used herein, the term "antisense oligonucleotide" or "antisense" describes an 

oligonucleotide that is an oligoribonucleotide, oligodeoxyribonucleotide, modified 
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oligoribonucleotide, or modified oligodeoxyribonucleotide which hybridizes under 
physiological conditions to DNA comprising a particular gene or to an mRNA transcript of 
that gene and, thereby, inhibits the transcription of that gene and/or the translation of that 
mRNA. The antisense molecules are designed so as to interfere with transcription or 
5 translation of a target gene upon hybridization with the target gene or transcript. Those 

skilled in the art will recognize that the exact length of the antisense oligonucleotide and its 
degree of complementarity with its target will depend upon the specific target selected, 
including the sequence of the target and the particular bases which comprise that sequence. It 
is preferred that the antisense oligonucleotide be constructed and arranged so as to bind 
10 selectively with the target under physiological conditions, i.e., to hybridize substantially more 
to the target sequence than to any other sequence in the target cell under physiological 
conditions. 

In order to be sufficiently selective and potent for inhibition, such antisense 
oligonucleotides should comprise at least 10 and, more preferably, at least 15 consecutive 

15 bases which are complementary to the target, although in certain cases modified 

oligonucleotides as short as 7 bases in length have been used successfully as antisense 
oligonucleotides (Wagner et al., Nature Biotechnology 14: 840-844, 1996). 

Most preferably, the antisense oligonucleotides comprise a complementary sequence 
of 20-30 bases. Although oligonucleotides may be chosen which are antisense to any region 

20 of the gene or mRNA transcripts, in preferred embodiments the antisense oligonucleotides 
correspond to N-terminal or 5' upstream sites such as translation initiation, transcription 
initiation or promoter sites. In addition, 3 '-untranslated regions may be targeted. Targeting 
to mRNA splicing sites has also been used in the art but may be less preferred if alternative 
mRNA splicing occurs. In addition, the antisense is targeted, preferably, to sites in which 

25 mRNA secondary structure is not expected (see, e.g., Sainio et al., Cell Mol. Neurobiol. 

14(5):439-457, 1994) and at which proteins are not expected to bind. The present invention 
also provides for antisense oligonucleotides which are complementary to genomic DNA 
and/or cDNA corresponding to SEQ ID Nos: 3 and 7. Antisense to allelic or homologous 
cDNAs and genomic DNAs are enabled without undue experimentation. 

30 In one set of embodiments, the antisense oligonucleotides of the invention may be 

composed of "natural" deoxyribonucleotides, ribonucleotides, or any combination thereof. 
That is, the 5* end of one native nucleotide and the 3' end of another native nucleotide may be 
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covalently linked, as in natural systems, via a phosphodiester internucleoside linkage. These 
oligonucleotides may be prepared by art recognized methods which may be carried out 
manually or by an automated synthesizer. They also may be produced recombinantly by 
vectors. 

5 In preferred embodiments, however, the antisense oligonucleotides of the invention 

also may include "modified" oligonucleotides. That is, the oligonucleotides may be modified 
in a number of ways which do not prevent them from hybridizing to their target but which 
enhance their stability or targeting or which otherwise enhance their therapeutic 
effectiveness. 

10 The term "modified oligonucleotide" as used herein describes an oligonucleotide in 

which (1) at least two of its nucleotides are covalently linked via a synthetic internucleoside 
linkage (i.e., a linkage other than a phosphodiester linkage between the 5' end of one 
nucleotide and the 3' end of another nucleotide) and/or (2) a chemical group not normally 
associated with nucleic acids has been covalently attached to the oligonucleotide. Preferred 

15 synthetic internucleoside linkages are phosphorothioates, alkylphosphonates, 

phosphorodithioates, phosphate esters, alkylphosphonothioates, phosphoramidates, 
carbamates, carbonates, phosphate triesters, acetamidates, carboxymethyl esters and peptides. 

The term "modified oligonucleotide" also encompasses oligonucleotides with a 
covalently modified base and/or sugar. For example, modified oligonucleotides include 

20 oligonucleotides having backbone sugars which are covalently attached to low molecular 
weight organic groups other than a hydroxy 1 group at the 3' position and other than a 
phosphate group at the 5' position. Thus, modified oligonucleotides may include a 2'-0- 
alkylated ribose group. In addition, modified oligonucleotides may include sugars such as 
arabinose instead of ribose. The present invention, thus, contemplates pharmaceutical 

25 preparations containing modified antisense molecules that are complementary to and 

hybridizable with, under physiological conditions, nucleic acid molecules encoding HIF-1 or 
SUMO-1 proteins, together with pharmaceutically acceptable carriers. 

An effective amount means, with respect to a hematologic malignancy for example, 
that amount of a HIF-1 binding molecule which prevents the onset of, alleviates the 

30 symptoms of, or stops the progression of the malignancy. In general such symptoms are, at 
least in part, the result of unwanted cell proliferation cells in vivo. Thus, a "hematologic 
malignancy" is a condition that is characterized by certain clinical features and which, it is 
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generally believed, is associated with unwanted cell proliferation cells in vivo. "Unwanted," 
with respect to cell proliferation cells in vivo, refers to cell proliferation which results in an 
adverse medical condition. The phrase "therapeutically effective amount" means, with 
respect to multiple drug resistance, that amount of an mdrl-HRE binding molecule which 
5 prevents the onset of, alleviates the symptoms of, or stops the progression of the multiple 
drug resistance. Multiple drug resistance is a condition that is characterized by certain 
clinical features (e.g., reduced drug efficacy). 

The term "treating" is defined as administering, to a subject, a therapeutically 
effective amount of a compound (e.g., a HIF-1 binding molecule, an mdrl-HRE binding 
10 molecule, or a SUMO-1 binding molecule) that is sufficient to prevent the onset of, alleviate 
the symptoms of, or stop the progression of a disorder or disease being treated. The term 
"subject," as described herein, is defined as a mammal. In a preferred embodiment, a subject 
is a human. 

The pharmaceutical preparations disclosed herein are prepared in accordance with 

15 standard procedures and are administered at dosages that are selected to reduce, prevent or 
eliminate the condition (See, e.g., Remington's Pharmaceutical Sciences, Mack Publishing 
Company, Easton, PA, and Goodman and Gilman's The Pharmaceutical Basis of 
Therapeutics, Pergamon Press, New York, N.Y., the contents of which are incorporated 
herein by reference, for a general description of the methods for administering various agents 

20 for human therapy). 

The pharmaceutically acceptable compositions of the present invention comprise one 
or more HIF-1 binding molecules (and/or mdrl-HRE binding molecules, and/or or a SUMO- 
1 binding molecules) in association with one or more nontoxic, pharmaceutically acceptable 
carriers and/or diluents and/or adjuvants and/or excipients, collectively referred to herein as 

25 "carrier" materials, and if desired other active ingredients. 

The HIF-1 binding molecules (and/or mdrl-HRE binding molecules, and/or or a 
SUMO-1 binding molecules) of the present invention may be administered by any route, 
preferably in the form of a pharmaceutical composition adapted to such a route, and would be 
dependent on the condition being treated. The compounds and compositions may, for 

30 example, be administered orally, intravascularly, intramuscularly, subcutaneously, 

intraperitoneally, or topically. Preferred routes of administration include oral and intravenous 
administration. 
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For oral administration, the HIF-1 binding molecules (and/or mdrl-HRE binding 
molecules, and/or or a SUMO-1 binding molecules) may be in the form of, for example, a 
tablet, capsule, suspension or liquid. The pharmaceutical composition is preferably made in 
the form of a dosage unit containing a therapeutically effective amount of the active 
5 ingredient. Examples of such dosage units are tablets and capsules. For therapeutic 
purposes, the tablets and capsules can contain, in addition to the active ingredient, 
conventional carriers such as binding agents, for example, acacia gum, gelatin, 
polyvinylpyrrolidone, sorbitol, or tragacanth; fillers, for example, calcium phosphate, 
cellulose, glycine, lactose, maize-starch, mannitol, sorbitol, or sucrose; lubricants, for 

10 example, magnesium stearate, polyethylene glycol, silica, or talc; disintegrants, for example 
potato starch, flavoring or coloring agents, or acceptable wetting agents. Oral liquid 
preparations generally in the form of aqueous or oily solutions, suspensions, emulsions, 
syrups or elixirs may contain conventional additives such as suspending agents, emulsifying 
agents, non-aqueous agents, preservatives, coloring agents and flavoring agents. Examples of 

15 additives for liquid preparations include acacia, almond oil, ethyl alcohol, fractionated 
coconut oil, gelatin, glucose syrup, glycerin, hydrogenated edible fats, lecithin, methyl 
cellulose, methyl or propyl para-hydroxybenzoate, propylene glycol, sorbitol, or sorbic acid. 

The pharmaceutical compositions may also be administered via injection. 
Formulations for parenteral administration may be in the form of aqueous or non-aqueous 

20 isotonic sterile injection solutions or suspensions. These solutions or suspensions may be 
prepared from sterile powders or granules having one or more of the carriers mentioned for 
use in the formulations for oral administration. The compounds may be dissolved in 
polyethylene glycol, propylene glycol, ethanol, corn oil, benzyl alcohol, sodium chloride, 
sterile water, and/or various buffers. 

25 For topical use the compounds of the present invention may also be prepared in 

suitable forms to be applied to the skin, or mucus membranes of the nose and throat, and may 
take the form of creams, ointments, liquid sprays or inhalants, lozenges, or throat paints. 
Such topical formulations further can include chemical compounds such as dimethylsulfoxide 
(DMSO) to facilitate surface penetration of the active ingredient. Suitable carriers for topical 

30 administration include oil-in-water or water-in-oil emulsions using mineral oils, petrolatum 
and the like, as well as gels such as hydrogel. Alternative topical formulations include 
shampoo preparations, oral pastes and mouthwash. 
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For rectal administration the compounds of the present invention may be administered 
in the form of suppositories admixed with conventional carriers such as cocoa butter, wax or 
other glyceride. 

Alternatively, the compounds of the present invention may be in powder form for 
5 reconstitution at the time of delivery. 

The dosage regimen for treating a hematologic malignancy with the HIF-1 binding 
molecules (and/or mdrl-HRE binding molecules and/or or a SUMO-1 binding molecules) is 
selected in accordance with a variety of factors, including the type, age, weight, sex and 
medical condition of the subject, the severity of the disease, the route and frequency of 
10 administration, the renal and hepatic function of the subject, and the particular compound 
employed. An ordinarily skilled physician or clinician can readily determine and prescribe 
the effective amount of the drug required to treat a hematologic malignancy (and/or multiple 
drug resistance). In general, dosages are determined in accordance with standard practice for 
optimizing the correct dosage for treating a hematologic malignancy (and/or multiple drug 
15 resistance). 

The dosage regimen can be determined, for example, by following the response to the 
treatment in terms of vital signs. Examples of such vital signs are well known in the art, and 
they include the pulse, blood pressure, temperature, and respiratory rate. Harrison's 
Principles of Internal Medicine , 14th Ed., Fauci AS et al., eds., McGraw-Hill, New York, 
20 1998. 

Typically dosages of the HIF-1 binding molecule (and/or mdrl-HRE binding 
molecules and/or or a SUMO-1 binding molecules) will be dependent upon the nature of the 
binding molecules. (See, e.g., U.S. 6,020,462, issued to Semenza; and U.S. 6,01 1,991, issued 
to Dean, et al.). In general, the active agent concentration will range from between 0.01 mg 

25 per kg of body weight per day (mg/kg/day) to about 10.0 mg/kg/day. Alternatively, the 

dosages of the HIF-1 binding molecule will range from between 0.01 micromole per kg of 
body weight per day (umole/kg/day) to about 10 umole/kg/day. Preferred oral dosages in 
humans may range from daily total dosages of about 1-1000 mg/day over the effective 
treatment period. Preferred intravenous dosages in humans may range from daily total 

30 dosages of about 1 -1 00 mg/day over the effective treatment period. 

According to another aspect of the invention, an isolated HIF-1 -SUMO-1 complex is 
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provided. The isolated HIF-l-SUMO-1 complex comprises a HIF-1 molecule selected from 
the group consisting of HIF-1 or a SUMO-1 binding HIF-1 fragment and a SUMO-1 
molecule selected from the group consisting of SUMO-1 or a HIF-1 binding SUMO-1 
fragment wherein the SUMO-1 molecule is bound to the HIF-1 molecule. An example of a 
5 HIF-1 molecule is HIF-1 a. Other examples of a HIF-1 molecule include, but are not limited 
to, HIF-1 a peptide domains comprising amino acids: 90-94, 476-480, 476-482, 528-531, 
718-721, or 718-724. Examples of a HIF-1 molecule also encompass nucleic acids 
comprising a amino acid selected from the group consisting of SEQ ID NOs: 16-21. As used 
herein with respect to polypeptides, proteins, or protein complexes, "isolated" means 
10 separated from its native environment and present in sufficient quantity to permit its 
identification or use. 

In yet another aspect of the invention, a method of screening for agents that modulate 
the amount of a HIF-l-SUMO-1 complex is provided. The method comprises contacting a 
HIF-1 molecule with a SUMO-1 molecule under conditions that allow the formation of a 

15 HIF-l-SUMO-1 complex, determining the amount of the HIF-l-SUMO-1 complex in the 

absence of the agent, determining the amount of the HIF-l-SUMO-1 complex in the presence 
of the agent, and comparing the amount of the HIF-l-SUMO-1 complex in the presence and 
absence of the agent. In this embodiment, a decrease in the amount the HIF-l-SUMO-1 
complex in the presence of the agent indicates that the agent is a HIF-l-SUMO-1 complex 

20 blocking agent, an increase in the amount the HIF-l-SUMO-1 complex in the presence of the 
agent indicates that the agent is a HIF-l-SUMO-1 enhancing complex. 

According to still another aspect of the invention, kits for screening for agents that 
modulate the amount of a HIF-l-SUMO-1 complex are provided. The kits include one or 
more HIF-1 molecules, one or more SUMO-1 molecules and, instructions for the use of the 

25 HIF-1 molecules and SUMO-1 molecules for detecting agents that modulate the amount of a 
HIF-l-SUMO-1 complex. 

A wide variety of assays for screening pharmacological agents can be used in 
accordance with this aspect of the invention, including, labeled in vitro protein-protein 
binding assays, electrophoretic mobility shift assays, immunoassays, cell-based assays such 

30 as two- or three-hybrid screens, expression assays, etc. The assay mixture comprises a 

candidate pharmacological agent. Typically, a plurality of assay mixtures are run in parallel 
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with different agent concentrations to obtain a different response to the various 
concentrations. Typically, one of these concentrations serves as a negative control, i.e., at 
zero concentration of agent or at a concentration of agent below the limits of assay detection. 
Candidate agents encompass numerous chemical classes. Preferably, the candidate 
5 pharmacological agents are small organic compounds, i.e., those having a molecular weight 
of more than 50 yet less than about 2500, preferably less than about 1000 and, more 
preferably, less than about 500. Candidate agents comprise functional chemical groups 
necessary for structural interactions with proteins and/or nucleic acid molecules, and typically 
include at least an amine, carbonyl, hydroxyl or carboxyl group, preferably at least two of the 

10 functional chemical groups and more preferably at least three of the functional chemical 
groups. The candidate agents can comprise cyclic carbon or heterocyclic structure and/or 
aromatic or polyaromatic structures substituted with one or more of the above-identified 
functional groups. Candidate agents also can be biomolecules such as peptides, saccharides, 
fatty acids, sterols, isoprenoids, purines, pyrimidines, derivatives or structural analogs of the 

15 above, or combinations thereof and the like. Where the agent is a nucleic acid molecule, the 
agent typically is a DNA or RNA molecule, although modified nucleic acid molecules as 
defined herein are also contemplated. 

Candidate agents are obtained from a wide variety of sources including libraries of 
synthetic or natural compounds. For example, numerous means are available for random and 

20 directed synthesis of a wide variety of organic compounds and biomolecules, including 

expression of randomized oligonucleotides, synthetic organic combinatorial libraries, phage 
display libraries of random peptides, and the like. Alternatively, libraries of natural 
compounds in the form of bacterial, fungal, plant and animal extracts are available or readily 
produced. Additionally, natural and synthetically produced libraries and compounds can be 

25 readily be modified through conventional chemical, physical, and biochemical means. 

Further, known pharmacological agents may be subjected to directed or random chemical 
modifications such as acylation, alkylation, esterification, amidification, etc. to produce 
structural analogs of the agents. 

A variety of other reagents also can be included in the mixture. These include 

30 reagents such as salts, buffers, neutral proteins (e.g., albumin), detergents, etc. which may be 
used to facilitate optimal protein-protein and/or protein-nucleic acid binding. Such a reagent 
may also reduce non-specific or background interactions of the reaction components. Other 
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reagents that improve the efficiency of the assay such as protease, inhibitors, nuclease 
inhibitors, antimicrobial agents, and the like may also be used. 

An exemplary binding assay is described herein. In general the mixture of the 
foregoing assay materials is incubated under conditions whereby, but for the presence of the 
5 candidate pharmacological agent, a HIF-1 molecule binds a SUMO-1 molecule and forms a 
HIF-l-SUMO-1 complex. The order of addition of components, incubation temperature, 
time of incubation, and other parameters of the assay may be readily determined. Such 
experimentation merely involves optimization of the assay parameters, not the fundamental 
composition of the assay. Incubation temperatures typically are between 4°C and 40°C. 

10 Incubation times preferably are minimized to facilitate rapid, high throughput screening, and 
typically are between 0.1 and 10 hours. 

After incubation, the effect of the candidate agent on the formation of HIF-1 -SUMO- 
1 complex is detected by any convenient method available to the user. For cell free binding 
type assays, a separation step is often used to separate bound from unbound components. 

15 The separation step may be accomplished in a variety of ways. Conveniently, at least one of 
the components is immobilized on a solid substrate, from which the unbound components 
may be easily separated. The solid substrate can be made of a wide variety of materials and 
in a wide variety of shapes, e.g., microtiter plate, microbead, dipstick, resin particle, etc. The 
substrate preferably is chosen to maximum signal to noise ratios, primarily to minimize 

20 background binding, as well as for ease of separation and cost. 

Separation may be effected for example, by removing a bead or dipstick from a 
reservoir, emptying or diluting a reservoir such as a microtiter plate well, rinsing a bead, 
particle, chromotograpic column or filter with a wash solution or solvent. The separation step 
preferably includes multiple rinses or washes. For example, when the solid substrate is a 

25 microtiter plate, the wells may be washed several times with a washing solution, which 
typically includes those components of the incubation mixture that do not participate in 
specific bindings such as salts, buffer, detergent, non-specific protein, etc. Where the solid 
substrate is a magnetic bead, the beads may be washed one or more times with a washing 
solution and isolated using a magnet. 

30 Detection may be effected in any convenient way for cell-based assays such as two- 

or three-hybrid screens. For cell free binding assays, one of the components usually 
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comprises, or is coupled to, a detectable label. A wide variety of labels can be used, such as 
those that provide direct detection (e.g., radioactivity, luminescence, optical or electron 
density, etc), or indirect detection (e.g., epitope tag such as the FLAG epitope, enzyme tag 
such as horseseradish peroxidase, etc.). The label may be bound to a HIF-1 molecule or a 
5 SUMO-1 molecule, or incorporated into the structure of the binding partner. 

A variety of methods may be used to detect the label, depending on the nature of the 
label and other assay components. For example, the label may be detected while bound to the 
solid substrate or subsequent to separation from the solid substrate. Labels may be directly 
detected through optical or electron density, radioactive emissions, nonradiative energy 
10 transfers, etc. or indirectly detected with antibody conjugates, strepavidin-biotin conjugates, 
etc. Methods for detecting the labels are well known in the art. 

The above described methods to HIF-1 are also applicable to HIF-2 and HIF-3 by 
substituting the molecules and reagents that bind to HIF-1 with molecules and reagents that 
bind to HIF-2 or HIF-3. 

15 The invention will be more fully understood by reference to the following examples. 

These examples, however, are merely intended to illustrate the embodiments of the invention 
and are not to be construed to limit the scope of the invention. 



EXAMPLES 

20 INTRODUCTION 

A major obstacle in development of effective cancer chemotherapies is tumor 
development of the multidrug resistance(MDR) phenotype (Kuwano et al., Anticancer Drug 
Des., 14, 123-131, 1999). The MDR phenotype is generally considered to be acquired 
following adminsitration of chemotherapeutic agents, and is most prevalent in acute 

25 myleogenous leukemia (AML) and in aggressive carcinomas (e.g. breast and ovarian). The 
MDR phenotype is associated with the induction of the mdrl gene, which encodes for, and 
results in overexpression of P-glycoprotein (Pgp). Pgp is a 170-1 80 kD member of the 
ABC-type transporter family and functions as an energy-dependent membrane efflux pump 
which transports a wide variety of structurally unrelated xenobiotics to maintain cytoplasmic 

30 concentrations at subtoxic levels (Fardel et al., Gen. Pharmacol., 27, 1283-1291, 1996). mdrl 
is expressed in some normal cell types (e.g. intestinal epithelia and lymphocytes), but 
overexpression of Pgp has been shown to correlate with multidrug resistance and increased 
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Pgp expression has been demonstrated in numerous multidrug resistant cell lines (Goldstein, 
Eur. J. Cancer, 6, 1039-1050, 1996). It is not fully understood how Pgp overexpression is 
mediated in cancer, however, a number of studies have suggested that transcriptional 
mechanism(s) of mdrl induction in human tumors is complex (Fardel et al., Gen. Pharmacol., 
5 27, 1283-1291, 1996; Goldstein, Eur. J. Cancer, 6, 1039-1050, 1996). For example, the 
cloned mdrl promoter bears binding sites for a number of transcription factors, including 
SP1, NF-Y, and YB-1 (Jin et al., Mol. Cell Biol, 18, 4377-4384, 1998). Similarly, it was 
recently demonstrated that negative regulation of mdrl is mediated by the p65 subunit of NF- 
kB in complex with c-fos (Ogretmen et al., Biochemistry, 38, 2189-2199, 1999). 

10 Many types of human tumors are significantly oxygen deprived (Semenza, Crit. Rev. 

Biochem. Mol. Biol., 35, 71-103, 2000). Due to the combination of tissue mass and the 
particularly high rate of glycolysis in tumor cells (termed the Warburg effect), hypoxia is 
considered a property of many tumor types. While most tissues of the body maintain an 
oxygen gradient spanning a distance of approximately 300-400um, studies assessing relative 

15 oxygen tensions within tumors have suggested that oxygen concentrations may be as much as 
10-100-fold decreased at comparable distances from capillary blood supplies (Semenza, Crit. 
Rev. Biochem. Mol. Biol., 35, 71-103, 2000). Such an environment establishes a setting of 
concentric areas of chronic hypoxia within tumors, and sets into motion the transcriptional 
induction of numerous hypoxia-responsive genes, including glycolytic enzymes, pro- 

20 angiogenic factors and pro-inflammatory genes (Semenza, Curr. Opin. Genet Dev., 8, 588- 
594, 1998) Examples of hypoxia-responsive genes have been associated with growing 
tumors, include vascular endothelial growth factor (VEGF) and the tumor suppressor p53. . 
Among other transcriptional pathways, hypoxia is known to induce hypoxia inducible factor- 
1 (HIF-1), a member of the rapidly growing Per-ARNT-Sim (PAS) family of basic helix- 

25 loop-helix (bHLH) transcription factors (Semenza, J. Clin. Invest., 1 06, 809-8 1 2, 2000). 

HIF-1 exists as an a(3 heterodimer, the activation of which is dependent upon 
stabilization of an 02-dependent degradation domain of the a subunit by the ubiquitin- 
proteasome pathway (Huang et al., Proc. Nat. Acad. Sci. (USA), 95, 7987-7992, 1998). 
While not clear, HIF-1 appears to reside in the cytoplasm of normoxic cells, and like a 

30 number of other transcription factors (e.g. NF-kB, (3-catenin), HIF-1 translocates to the 

nucleus to form a functional complex (Presta et al., Cancer Res., 57, 4593-4599, 1997; Kallio 
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et al., J. Biol. Chem. 274, 6519-6525, 1999). Binding of HIF-1 to consensus domain of a 
number of genes results in the transcriptional induction of HIF-1 -bearing gene promoters 
(Semenza, Curr. Opin. Genet Dev., 8, 588-594, 1998). HIF-1 is widely expressed and 
consensus HIF-1 binding sequences exist in a number of genes, and are termed hypoxia 
5 responsive enhancers (HRE) (Semenza, Curr. Opin. Genet Dev., 8, 588-594, 1998). 
We demonstrated that the mdrl gene product P-glycoprotein, a 170 kD 
transmembrane protein associated with tumor resistance to chemotherapeutics, was induced 
by hypoxia. 

Our studies using an epithelial cell line revealed an approximately 7-fold increase in 
10 mdrl , but not mdr3, in epithelial cells exposed to hypoxia. These findings were confirmed at 
the mRNA level and at the protein level. P-glycoprotein function was studied by analysis of 
verapamil-inhibitable efflux of digoxin and fluorescein isothiocyanate in intact T84 cells, and 
indicated that hypoxia enhances P-glycoprotein efflux function by as much as 7±0 .4-fold 
over normoxia. 

15 Further studies confirmed hypoxia-elicited mdrl gene induction and increased P- 

glycoprotein expression in non-transformed, primary cultures of human microvascular 
endothelia cells, indicating that such findings are not specific for transformed cell types. 
These data together with an examination of the mdrl gene identified previous unappreciated 
transcriptional elements associated with hypoxia inducibility and a functional HRE in the 

20 mdrl gene. 

Taken together, these data indicated that the mdrl gene is hypoxia-responsive and the 

results identified hypoxia-elicited P-glycoprotein expression as a pathway for resistance of 

some tumors to chemotherapeutics. 

MATERIALS AND METHODS 
25 Growth and maintenance of cell lines: T84 cells and CaC02 B Be cells were grown 

as monolayers on polycarbonate permeable supports as previously described (Colgan et al., J. 

Exp. Med., 184, 1003-1015, 1996; Turner etal., J. Biol. Chem., 271, 7738-7744, 1996). 

Human microvascular endothelial cells (HMVEC), an endothelial primary culture isolated 

from adult dermis, were used throughout these studies. Where used, HMVEC were obtained 
30 from Cascade Biologies (Portland, OR) and cultured as previously described (Lennon et al., 

J. Exp. Med., 188, 1433-1443, 1998). 

Monolayer exposure to hypoxia: Cultured cell exposure to hypoxia was performed as 
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previously described (Colgan et al., J. Exp. Med., 184, 1003-1015, 1996). Upon entry into 
the humidified hypoxic cell chamber (Coy Laboratory Products, Ann Arbor, MI), cell media 
was exchanged with pre-equilibrated hypoxic media. Standard hypoxic conditions (based on 
previous work (Colgan et al, J. Exp. Med., 184, 1003-1015, 1996; Taylor et al, Proc. Natl. 
5 Acad. Sci. USA, 97, 12091-12096, 2000)), were p0 2 20 torr, pC0 2 35 torr, with the balance 
made up of nitrogen and water vapor. Normoxic controls were cells exposed to the same 
experimental protocols under conditions of atmospheric oxygen concentrations (pC«2 147 torr 
and pCC>2 35 torr within a tissue culture incubator) 

Analysis of messenger RNA levels by RT-PCR: The transcriptional profile of 

10 epithelial cells exposed to ambient hypoxia was assessed in RNA derived from control or 
hypoxic epithelia (T84 cells at 6 or 1 8 hr hypoxia) using quantitative genechip expression 
arrays (Affymetrix, Inc., Santa Clara, CA) (Lockhart et al., Nat. Biotechnol., 14, 1675-1680, 
1996). RT-PCR analysis of mRNA levels was performed using DNAse treated total RNA as 
previously described (Taylor et al., J. Biol. Chem., 274, 19447-19450, 1999) using primers 

15 specific for mdrl (forward primer 5*-AAC GGA AGC CAG AAC ATT CC-3' (SEQ ID NO: 
37) and reverse primer 5'-AGG CTT CCT GTG GCA AAG AG-3' (SEQ ID NO: 38), 180 
bp fragment), HIF-la (forward primer 5*- CTC AAA GTC GGA CAG CCT CA-3' (SEQ ID 
NO: 39) and reverse primer 5'- CCC TGC AGT AGG TTT CTG CT -3' (SEQ ID NO: 40), 
460 bp fragment) or control p-actin (forward primer 5-ATG ACT TCC AAG CTG GCC 

20 GTG GCT-3' (SEQ ID NO: 41) and antisense primer 5'-TCT CAG CCC TCT TCA AAA 

ACT TCT C-3' (SEQ ID NO: 42), 661 bp fragment). Each primer set was amplified using 25 
cycles, unless otherwise noted, of 94°C for 1 min, 60°C for 2 min, 72°C for 4 min, and a 
final extension of 72°C for 7 min. The PCR reactions were then visualized on a 1 .5% agarose 
gel containing 5ug/ml of ethidium bromide. 

25 The PCR for human SUMO-1 contained 50 pM each of the sense primer (5'- 

CGTC ATC ATGTCTGACC AGGA-3 ') (SEQ ID NO: 43)and the antisense primer (3'- 
CACTGAAAGTCACAGTCCAGG-5') (SEQ ID NO: 44), 1 ul of cDNA from the reverse 
transcriptase reaction, 76 ul of DEPC H 2 0, 10 ul of 10X reaction mix buffer [100 mM 
KC1/100 mM (NH4)2SO 4 /100 mM Tris pH 8.8/20 mM MgS0 4 ], 2 ul of dNTP (0.2 mM each) 

30 and 1 ul of 5 OX advantage polymerase mix. The amplification reaction included a 3 -min 

denaturation at 60°C for 30 sec, and 72°C for 1 min with a final extension at 72°C for 10 min. 
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Human p-actin was used as a control for each amplification, with sense (5- 
TGACGGGGTCACCCACACTGTGCCCATCTA-3') (SEQ ID NO: 45) and the anti-sense 
primer (3'-CTAGAAGCATTTGCGGTGGACGATGGAGGG-5') (SEQ ID NO: 46)in 
identical reactions (661 -bp amplified fragment). 
5 Western blotting: Following experimental treatment , proteins were isolated from 

confluent monolayers from 100 mm petri dishes as described before (Taylor et al., J. Biol. 
Chem., 274, 19447-19450, 1999) Proteins were measured (DC protein assay, BioRad, 
Hecules, CA). Samples (25 u.g/lane, as indicated) were resolved by reducing SDS PAGE, 
transferred to nitrocellulose, and blocked overnight in blocking buffer (250 raM NaCl, 0.02% 

10 Tween-20, 5% goat serum and 3% bovine serum albumin). For western blotting, anti-P- 
glycoprotein (rabbit pAb, Biogenesis, Poole, UK) was added for 3h, blots were washed and 
species-matched peroxidase-conjugated secondary Ab is added, as described previously 
before (Taylor et al., J. Biol. Chem., 274, 19447-19450, 1999). Labeled bands from washed 
blots were detected by ECL (Amersham, Piscataway, NJ). 

15 For examination of CREB/I-kB ubiquitination and SUMOylation, whole cell lysates 

were prepared as described previously. CREB or I-kB were immunoprecipitated from these 
lysates using antibodies from (New England Biolabs, Beverly, MA) and (Upstate 
Biotechnology, Victoria, BC, Canada), respectively. Immunoprecipitates were separated by 
10% SDS PAGE and transferred to nitrocellulose. Blots were then probed with anti-ubiquitin 

20 (Stressgen, Waltham, MA) or anti-SUMO-1 (Zymed, South San Francisco, CA). Following 
washing, a species-matched, peroxidase-conjugated secondary antibody was added (Cappell, 
West Chester, PA). Labeled bands were detected by enhanced chemiluminescence 
(Amersham, Pharmacia, Piscataway, NJ). 

P -glycoprotein surface expression: Surface expression of Pgp was analyzed by 

25 ELISA on intact endothelia and epithelia, utilizing previously described methodologies (Zund 
et al., Proc. Natl. Acad. Sci. (USA), 93, 7075-7080, 1996). Briefly, cells subjected to 
indicated periods of hypoxia or normoxia were washed with HBSS (Sigma, St. Louis, MO), 
blocked with media for 30 min at 4°C. Anti-Pgp mAb (clone 3201 used as purified mAb at 
20|^g/ml), (QED Biosciences, San Diego, CA) was added to cells and allowed to incubate for 

30 2h at 4°C. Where indicated, mAb to MHC class I (Barnstable et al., Cell, 14, 9-20, 1978) 
(clone W6/32 obtained from the American Type Culture Collection, used as 1 TOO diluted 
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ascitic fluid) was used as a control. After washing with HBSS, a peroxidase conjugated sheep 
anti-mouse secondary antibody (Cappel, West Chester, PA) was added. Secondary antibody 
(1 : 1000 final dilution) was diluted in media containing 10% fetal bovine serum. After 
washing, plates were developed by addition of peroxidase substrate [2,2'-azino-bis(3- 
5 ethylbenzthiazoline-6-sulfonic acid), ImM final concentration], (Sigma, St. Louis, MO) and 
read on a microtiter plate spectrophotometer at 405nm (Molecular Devices, Framingham, 
MA). Controls consisted of media only and secondary antibody only. 

P-glycoprotein functional analysis: Pgp function was assessed as verapamil- 
inhibitable efflux of digoxin and fluoroscein isothiocyanate (FITC). Briefly, epithelial 

10 monolayers were exposed to experimental conditions, washed with Hanks Balanced Salt 
Solution (HBSS, Sigma, St. Louis, MO) and incubated with digoxin (6uM final 
concentration) or FITC (3uM final concetration, Molecular Probes, Eugene, OR) in the 
absence or presence of verapamil (concentration range 1 to 100jxM, Sigma, St. Louis, MO). 
Cells were incubated for 60 min at 37°C. Cells were washed with HBSS and cooled to 4°C. 

15 For digoxin determinations, cells were lysed in ice cold H2O, and lysates were cleared 

by Eppendorf centrifugation at 14,000 x g for 10 min. Digoxin levels in supernatants were 
assessed by HPLC analysis (Qazaz et al., J. Biol. Chem., 271, 8731-8737, 1996) using a 
Hewlett-Packard HPLC (Model 1050) with a HP 1 100 diode array detector and a reverse 
phase HPLC column (Luna 5( CI 8(2) 150 x 4.60 mm, Phenomenex, Torrance CA). Digoxin 

20 was measured with a 20-80% CH3CN / H2O elution gradient over 30 min at 1 ml/min. 
Absorbance was measured at 220 nm. UV absorption spectra were obtained at 
chromatographic peaks. Digoxin was identified by chromatographic behavior (e.g., retention 
time, UV absorption spectra, co-elution with internal standards) (Qazaz et al., J. Biol. Chem., 
271,8731-8737, 1996). 

25 For detemination of intracellular FITC concentrations, fluorescence of washed 

monolayers (excitation, 485 nm; emission, 530 nm) was assessed on a fluorescent plate 
reader (Cytofluor™ 2300, Millipore Inc., Bedford, MA). Monolayers not exposed to FITC 
were used to determine background fluorescence. 

HIF-1 a antisense oligonucleotide treatment of epithelia: HIF- 1 a depletion in 

30 epithelial cells was accomplished by using antisense oligonucleotide loading as described 
previously (Caniggia et al., J. Clin. Invest, 105, 577-587, 2000) using phosphorothioate 
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derivatives of antisense (GCC GGC GCC CTC CAT) (SEQ ID NO: 47) or control sense 
(ATG GAG GGC GCC GGC) (SEQ ID NO: 48) oligonucleotides. Antisense oligonucleotide 
treatment of subconfluent epithelial cells was done as described previously (Colgan et al, J. 
Exp. Med., 184, 1003-1015, 1996), with modifications. T84 epithelial cells were washed in 
5 serum free media then in media containing 20ug/ml Geneporter transfection reagent (Gene 
Therapy Systems, San Diego, CA) with 2ug/ml HIF-la antisense or sense oligonucleotide. 
Cells are incubated for 4h at 37°C then replaced with serum containing growth media. 
Treated cells were exposed to hypoxia or normoxia for indicated periods of time. As 
indictated, mdrl or HIF-la mRNA were quantified by RT-PCR as described above (see 

10 Transcriptional Analysis). 

mdrl reporter assays: CaC02 cells were used here to assess mdrl inducibility by 
hypoxia. Plasmids expressing sequence corresponding to wild-type mdrl (-189 to +133), 
truncations at the 3' end (-189 to +4), truncations at the 5' end (-2 to +133) or internal 
truncations (-1 19 to +4) of promoter (Drs. Martin Haas and Bryan Strauss, University of 

15 California, San Diego described previously in Strauss and Haas, Biochem Biophys Res 
Comm 217, 333-340, 1995; Jin and Scotto, Mol Cell Biol 18, 4377-4384, 1998) using 
standard methods of overnight transfection utilizing Effectene transfection reagent (Qiagen, 
Valencia, CA). After tranfection, cells were subjected to hypoxia or normoxia for 24 hrs. 
Luciferase activity was assessed (Topcount-NXT, Hewlett-Packard) utilizing a luciferase 

20 assay kit (Stratagene, La Jolla, CA). All luciferase activity was normalized to total cellular 
protein. 

mdr-1 HRE binding site mutations: HIF-1 binding site mutations were introduced in 
3' end (-189 to +4) truncations of the wild-type promoter using the GeneEditor in vitro site 
directed mutagenesis system (Promega, Madison, WI). Briefly, mutations encoding a three 

25 nucleotide mutation in the mdrl HIF-1 binding site [consensus motif 5'-GC GTG -3' mutated 
to 5'-GC CAT -3' within HIF-1 site located at positions -49 to -45 relative to the transcription 
start site] (Ueda et al, J. Biol. Chem., 262, 17432-17436, 1987; Chen et al., J. Biol. Chem., 
265, 506-514, 1990) by PCR introduced a unique NCOl cleavage site and allowed us to 
screen mutations based on enzymatic cleavage of plasmid DNA. Oligonucleotides used for 

30 the three nucleotide mutation were (mutated sequence in lower case) 5'-AGG ACC AGC 
GCC GGG GCc at G GCT GAG CAC AGC CGC TTC-3' (SEQ ID NO: 49). A deletional 
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mutation of the HIF-1 site was also generated using the oligonucleotide 5'-AGG AAC AGC 
GCC GGG GG CTG AGC ACA GCC-3' (SEQ ID NO: 50). All mutations were confirmed 
by sequencing using pGL2-basic primers. CaC02 or BAE cells, were used to assess mdrl 
inducibility by hypoxia. Plasmids expressing sequence corresponding to wild-type mdrl (- 
5 1 89 to +1 33), truncations at the 3' end (-1 89 to +4), truncations at the 5' end (-2 to +133) or 
internal truncations (-1 19 to +4) of the mdrl promoter were co-transfected with p- 
galactosidase plasmids (p-Hook-2, Invitrogen, Carlsbad, CA) using standard methods of 
overnight transfection utilizing Effectene transfection reagent (Qiagen, Valencia, CA). After 
transfection, cells were subjected to hypoxia or normoxia for 24 hrs. Luciferase activity was 
10 assessed (Topcount-NXT, Hewlett-Packard, Paramus, NJ) utilizing a luciferase assay kit 
(Stratagene, La Jolla, CA). All luciferase activity was normalized with respect to a 
constitutively expressed P-galactosidase reporter gene. 

Multicellular spheroid model: A multicellular spheroid model was developed using KB cells 
grown at high density of membrane permeable supports. Briefly, KB cells in suspension 

15 were plated at high density (~10 7 cells/cm 2 ) on 0.33 cm 2 collagen-coated permeable supports 
(Corning-Costar, Cambridge, MA) and allowed to grow as domes on these substrates for two 
weeks. Media was replaced every other day and at two weeks, multicellular spheroids were 
subjected to a 24 or 48 hr period of hypoxia or normoxia, in the presence or absence of the P- 
glycoprotein substrate doxorubicin (1 uM final concentration) (Sigma, St Louis, MO). At the 

20 termination of the experiment, the number of viable, intact cells was determined by 

measurement of the amount of esterase cleavable fluorescent marker 2'7'-bis(carboxyethyl)- 
5(6)-carboxyfluorescein pentaacetoxymethyl ester (BCECF-AM, 5 uM final concentration 
Calbiochem, San Diego, CA) retained over a 30 min period, a sensitive measurement 
cytoxicity) (Wierda et al., J. Immunol. Methods, 122, 15-24, 1989). Multicellular spheroids 

25 were washed three times in HBSS and fluorescence intensity was measured on a fluorescent 
plate reader. In subsets of experiments to examine the structure of multicellular spheroids, 
cultures were stained with rhodamine phalloidin and confocal laser microscopy was utilized 
to image multicellular spheroids in the x-y and x-z planes, as described previously (Parkos et 
al., J. Cell. Biol., 132, 437-450, 1996). 

30 

EXAMPLE 1: 
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IDENTIFICATION OF mdrl HYPOXIA INDUCTBILITY 

A broad screen of genes relevant to the epithelium identified a hypoxia time- 
dependent induction of the mdrl gene (2.2- and 7.1 -fold increase over control normoxia at 6 
and 1 8 hrs hypoxia, respectively). Similar exposure to the proinflammatory cytokine IFN-y, 
5 which we have shown to regulate a number of genes in a fashion similar to hypoxia (Taylor 
et al., Gastroenterol., 114, 657-668, 1998; Taylor et al., J. Biol. Chem., 274, 19447-19450, 
1999), did not induce mdrl, and provided some degree of hypoxia selectivity. 

RT-PCR analysis was employed to verify these microarray results at the RNA level 
using primers specific for mdrl (forward primer 5'-AAC GGA AGC CAG AAC ATT CC-3' 

10 (SEQ ID NO: 37)and reverse primer 5'-AGG CTT CCT GTG GCA AAG AG-3' (SEQ ID 
NO: 38), 180 bp fragment), HIF-la (forward primer 5'- CTC AAA GTC GGA CAG CCT 
CA-3' (SEQ ID NO: 39) and reverse primer 5'- CCC TGC AGT AGG TTT CTG CT -3' (SEQ 
ID NO: 40), 460 bp fragment) or control p-actin (forward primer 5'-ATG ACT TCC AAG 
CTG GCC GTG GCT-3' (SEQ ID NO: 41) and antisense primer 5'-TCT CAG CCC TCT 

1 5 TCA AAA ACT TCT C-3 1 (SEQ ID NO: 42), 66 1 bp fragment), and revealed a time- 
dependent induction of mdrl mRNA expression by hypoxia. Similar results were obtained 
using epithelial cells other than T84 (CaC02 cells), and important for this work, hypoxia also 
induced mdrl mRNA expression in a non-transformed, primary cell type (HMVEC), 
suggesting that hypoxia-induced mdrl is not restricted to cancer cell lines. 

20 Western blot analysis of ly sates derived from endothelial and epithelial cell subjected 

to hypoxia (12-48 hrs) revealed a time-dependent increase in expression of a 170kD protein 
consistent with the mdrl gene product P-glycoprotein (Pgp), with maximal protein levels 
observed by 48 hrs (no additional increases at 72 or 96 hrs). Similarly, staining of endothelial 
cells subjected to hypoxia revealed a time-dependent increase in Pgp expression. 

25 To examine whether cell surface expression of Pgp was evident, a whole cell ELISA 

technique was adopted using mAb clone 3201 used as purified mAb at 20jag/ml), (QED 
Biosciences, San Diego, CA) which recognizes an external epitope on Pgp. Increasing 
periods of time in hypoxia resulted in increased detectable Pgp (p<0.01 by ANOVA), but no 
obvious changes in MHC class I expression (p = not significant). 

30 We next assessed whether hypoxia-induced Pgp was functional. Pgp has been shown 

to non-selectively transport a wide variety of amphipathic molecules and is competitively 



40 

inhibited by verapamil. Thus, Pgp function was assessed as verapamil-inhibitable efflux of 
the substrates digoxin and fluoroscein isothiocyanate (FITC). Functional activity of Pgp was 
assayed by assessing accumulation of substrate in Pgp expressing cells, and its inhibition by 
verapamil (Goldstein, Eur. J. Cancer, 6, 1039-1050, 1996). Endothelial cells exposed to 
5 hypoxia demonstrated an enhanced digoxin and FITC efflux. In both cases, the addition of 
increasing concentrations of verapamil (range 10 - lOOuM) resulted in increased intracellular 
accumulation of digoxin or FITC, but to a lesser extent in cells pre-exposed to 48 hr hypoxia, 
indicating that increased expression of Pgp is reflected at the functional level. 

Taken together, these data indicated that hypoxia provides a stimulus for the induction 
10 of the mdrl gene as well as an increase in surface expressed Pgp and functional protein. 

EXAMPLE 2: 

IDENTIFICATION OF HRE'S WITHIN THE MDR PROMOTER 

In an attempt to gain specific insight into the mechanisms of mdrl induction, we 

1 5 began examining induction pathways from hypoxia response genes. Among other 

transcriptional pathways, hypoxia is known to induce hypoxia inducible factor- 1 (HIF-1), a 
member of the rapidly growing Per-ARNT-Sim (PAS) family of basic helix-loop-helix 
(bHLH) transcription factors (Semenza, J. Clin. Invest, 106, 809-812, 2000). HIF-1 exists as 
an ap heterodimer, the activation of which is dependent upon stabilization of an O2- 

20 dependent degradation domain of the a subunit by the ubiquitin-proteasome pathway (Huang 
et al., Proc. Nat. Acad. Sci. (USA), 95, 7987-7992, 1998). Binding of HIF-1 to DNA 
consensus domains (5'-RCGTG-3 r ) (SEQ ID NO: 25) results in the transcriptional induction 
of HIF-1 -bearing gene promoters (Semenza, Curr. Opin. Genet Dev., 8, 588-594, 1998). A 
functional hypoxia response element / enhancer (HRE) is defined by the central HIF-1 

25 binding site and flanking nucleotides surrounding this site. 

In the course of these studies, computer search analysis of the mdrl gene identified 1 1 
previously unappreciated HIF-1 binding site in the published mdrl gene (Ueda et al., J. Biol. 
Chem., 262, 17432-17436, 1987; Chen et al., J. Biol. Chem., 265, 506-514, 1990), each of 
which are unique to mdrl . 

30 These sequences, with flanking nucleotides, are shown below (central HIF-1 binding 

site in bold caps; the position is relative to transcription start site): 
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ctttgaaagACGTGtctacataag with HIF-1 site at positions -256 to -260 (SEQ ID NO: 26) 
cagcgccgggGCGTGggctgagcac with HIF-1 site at positions -45 to -49 (SEQ ID NO: 27) 
aactctgcctTCGTGgagatgctgg with HIF-1 site at positions +498 to +502 (SEQ ID NO: 28) 
taggatttacACGTGgttggaagct with HIF-1 site at positions +766 to +770 (SEQ ID NO: 29) 
5 ttcgctatggCCGTGaaaatgtcac with HIF-1 site at positions +1612 to +1616 (SEQ ID NO: 30) 
tcgccattgcACGTGccctggttcg with HIF-1 site at positions +1765 to +1769 (SEQ ID NO: 3 1) 
gtaggagtgtCCGTGgatcacaagc with HIF-1 site at positions +2156 to +2160 (SEQ ID NO: 32) 
ttggtgccatggCCGTGgggcaagtc with HIF-1 site at positions +3100 to +3 104 (SEQ ID NO: 
33) 

1 0 cacctgggcaTCGTGTcccaggagcc with HIF- 1 site at positions +3484 to +3488 (SEQ ID NO: 
34) 

caggaagagaTCGTGagggcagcaa with HIF-1 site at positions +3573 to +3577 (SEQ ID NO: 
35) 

cattgccatagcTCGTGcccttgttagac with HIF-1 site at positions +3701 to +3705 (SEQ ID NO: 
15 36) 

EXAMPLE 3: 

FUNCTIONAL ANALYSIS OF HRE IN mdrl GENE 

Two approaches were utilized to analyze the role of HIF-1 in hypoxia-inducible mdrl 
20 expression. 

First, antisense oligonucleotides directed against HIF-1 were utilized to block HIF-1 
expression and the influence on mdrl induction in hypoxia was assessed. HIF- la depletion in 
epithelial cells was accomplished by using antisense oligonucleotide loading as described 
previously (Caniggia et al., J. Clin. Invest, 105, 577-587, 2000) using phosphorothioate 

25 derivatives of antisense (GCC GGC GCC CTC CAT) (SEQ ID NO: 47) or control sense 
(ATG GAG GGC GCC GGC) ) (SEQ ID NO: 48) oligonucleotides. Antisense 
oligonucleotide treatment of subconfluent epithelial cells was done as described previously 
(Colgan et al., J. Exp. Med., 184, 1003-1015, 1996), with modifications. T84 epithelial cells 
were washed in serum free media then in media containing 20jxg/ml Geneporter transfection 

30 reagent (Gene Therapy Systems, San Diego, CA) with 2|ig/ml HIF- la antisense or sense 
oligonucleotide. Cells were incubated for 4h at 37°C then replaced with serum containing 
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growth media. Treated cells were exposed to hypoxia or normoxia for indicated periods of 
time, mdrl or HIF-la mRNA were quantified by RT-PCR. The directed loss of HIF-1 oc 
through antisense oligonucleotides resulted in the significant downregulation of basal (i.e. 
normoxic cells) mdrl mRNA expression, and a complete loss of hypoxia inducibility. 
5 As a second approach, luciferase reporter constructs expressing varied lengths of the 

mdrl promoter were utilized to address hypoxia inducibility. CaC02 cells were used to 
assess mdrl inducibility by hypoxia. Plasmids expressing sequence corresponding to wild- 
type mdrl (-189 to +133), truncations at the 3' end (-189 to +4), truncations at the 5' end (-2 
to +133) or internal truncations (-119 to +4) of the promoter, using standard methods of 

10 overnight transfection utilizing Effectene transfection reagent (Qiagen, Valencia, CA). After 
tranfection, cells were subjected to hypoxia or normoxia for 24 hrs. Luciferase activity was 
assessed (Topcount-NXT, Hewlett-Packard) utilizing a luciferase assay kit (Stratagene, La 
Jolla, CA). All luciferase activity was normalized to total cellular protein. Cells expressing 
the wild-type mdrl promoter (nucleotides -189 to +133) showed a 2.5±0.3-fold increase in 

15 luciferase activity when subjected to 24 hr hypoxia compared to normoxia controls (p< 0.01). 
Constructs expressing truncations at the 3' end (-189 to +4) did not significantly influence 
hypoxia inducibility (P = not significant). Likewise, truncations at both the 3' and 5' end (-119 
to +4) did not influence hypoxia inducibility. Conversely, constructs expressing a 5 1 
truncation, which includes the HIF-1 binding site (located at positions -49 to -45) resulted in 

20 a complete abolition of hypoxia inducibility (P<0.001). Interestingly, and consistent with our 
findings with HIF-1 antisense oligonucleotides, expression of the truncated reporter 
construct lacking the HIF-la binding site was significantly decreased in cells exposed to 
normoxia (PO.025), suggesting a role for HIF-1 in constituitive mdrl expression. 

As an extension of these data, we assessed hypoxia inducibility using wild-type 

25 promoter constructs in cells depleted of HIF-1 through antisense oligonucleotides. Luciferase 
activity in under conditions of both hypoxia and normoxia was diminished compared to wild- 
type (PO.025 for both hypoxia and normoxia compared to wild-type alone), providing 
further evidence for HIF-1 in both basal and hypoxia-induced expression of mdrl. 
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EXAMPLE 4: 

mdrl-HRE ANTISENSE OLIGONUCLEOTIDES 



43 



The following antisense oligonucleotides have been synthesized as phosphorothioate 
derivatives and ongoing work utilizes these compounds to define basal and hypoxia-induced 
mdrl expression levels. 

ctt atg tag aca cgt ctt tea aag for HRE at positions -45 to -49 (SEQ ID NO: 9) 

gtg etc age cca cgc ccc ggc get g for HRE at positions -256 to -260 (SEQ ID NO: 1 0) 

cca gca tct cca cga agg cag agt t for HRE at positions +498 to +502 (SEQ ID NO: 1 1) 

age ttc caa cca cgt gta aat cct a for HRE at positions +766 to +770 (SEQ ID NO: 12) 

gtg aca ttt tea egg cca tag cga a for HRE at positions +1612 to +1616 (SEQ ID NO: 13) 

cga ace agg gca cgt gca atg gcg a for HRE at positions +1765 to +1769 (SEQ ID NO: 14) 

get tgt gat cca egg aca etc eta c for HRE at positions +2 1 56 to +2 1 60 (SEQ ID NO: 1 5) 

Example 5: 

mdrl-HRE binding site mutations: To rule out the possibility that truncations at the 5' end of 
the MDR promoter simply reflect the deletion of a large DNA segment, studies were done to 
examine the influence of HIF-1 binding site mutations on hypoxia inducibility. HIF-1 
binding site mutations were introduced in the hypoxia inducible 3' end truncation (3'AMDR) 
and a triple nucleotide mutation (consensus motif 5'-GC GTG -3' mutated to 5'-GC CAT -3' 
within HIF-1 site) resulted in a 83+10% decrease in luciferase activity under hypoxic 
conditions (p<0.01). This same mutation also resulted in a 72+6% decrease in activity in 
normoxic cells (p<0.01). Similarly, a deletional mutation (loss of entire HIF-1 site) resulted 
in luciferase activity decreases of 96+1 1% and 94+4% in hypoxic and normoxic cells, 
respectively (pO.OOl for both). Such data confirmed the necessity for HIF-la consensus 
motifs for hypoxia inducibility and identified a potential pathway for HIF-1 regulation in 
non-hypoxic conditions. 

Example 6: 

Multicellular spheroid model: To better approximate the hypoxia response in a 3- 
dimensional structure (Desoize et al., Anticancer Res., 18, 4147-4157, 1998), a multicellular 
spheroid model was developed and examined for sensitivity to the P-gp cytotoxic substrate 
doxorubicin. Confocal imaging of multicellular spheroids revealed a dome-like appearance 
of cell clusters in the x-z orientation. Such multicellular spheroids were then utilized to 
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examine toxicity of the chemotherapeutic agent and P-gp substrate doxorubicin (Goldstein et 
al., Eur. J. Cancer, 6, 1039-50, 1996). The degree of cell death (measured as the number of 
intact cells and reflected by increased BCECF labeling) was significantly decreased in cells 
subjected to either 24 (p<0.01) or 48 hr (p<0.001) periods of hypoxia. These data indicated 
that hypoxia provides a stimulus for the induction of the mdrl gene as well as an increase in 
functional, surface expressed P-gp. 

Posttranslational SUMOlation influences HIF-1 a regulated gene expression. In 
order to test that HIF-1 is SUMO-1 modified, we conducted experiments which indicated an 
association of HIF-1 a both with endogenous as well as epitope (hexahistidine)-tagged 
SUMO-1 HIF-1 a induction was rapid and was detected by immunopecipitating SUMO-1. 
To further investigate the impact of SUMOlation on HIF-1 conveyed gene expression, we 
designed antisense oligonucleotides AS31(SEQ ID NO: 22), AS64 (SEQ ID NO: 23), and 
AS617 (SEQ ID NO: 24) directed against SUMO-1. Using these oligonucleotides we were 
able to modify the induction of HIF-1 in hypoxia. Thus, we were able to modify the HIF-1 
conveyed hypoxia adaptive response by administration of sumo-1 antisense oligonucleotides. 



We claim: 



